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Abstract 
Ultrasonic descalers are used in dentistry to remove calculus and other con­
taminants from teeth. One mechanism which may assist in the cleaning is 
cavitation generated in cooling water around the descaler. The spatial dis­
tribution of cavitation around three designs of descaler tips and under three 
load conditions has been observed using sonochemiluminescence from a lumi­
nol solution and compared with the vibratory motion of the tips in a water 
bath, characterised by scanning laser vibrometry. The type of cavitation was 
conﬁrmed by acoustic emission analysed by a ‘Cavimeter’ supplied by NPL. 
Surface proﬁlometry and SEM of eroded hydroxyapatite pellets was per­
formed to quantitatively study the erosion caused by a descaler tip in both 
contact and non-contact modes. Densitometry was used to study the ero­
sion of black ink from a glass microscope slide, and determined that under 
the majority of conditions, no erosion was demonstrated via cavitation, by 
descalers operating in non-contact mode, although signiﬁcant erosion was 
demonstrated with the tip in contact with the slide. 
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Chapter 1 
Background 
The ultrasonic descaler∗ instrument is widely used during professional clean­
ing procedures to remove deposits, referred to as ‘scale’ by clinicians, from 
teeth. 
The chipping action of the oscillatory descaler tip is thought to remove 
scale from the tooth surface, while the occurrence of cavitation in the cooling 
solution that ﬂows over the tip is thought to be a by-product. Previous work 
has shown that the presence of cavitation in the cooling water around the 
descaler tip may be useful in the process of scale removal[1]. 
Recent work has conﬁrmed that cavitation does indeed occur around 
ultrasonic dental descalers[2]. However, the clinical relevance of cavita­
tion activity has not been determined as of yet, although it is thought 
that cavitation-induced formation of microjets, followed by their impact on 
the tooth surface, is likely to enhance the cleaning action of an ultrasonic 
descaler[3]. 
∗Curiously, the ultrasonic descaler is conventionally termed a scaler, even though the 
device removes scale. 
1

1.1 Ultrasound 
Ultrasound is sound with a frequency above the upper limit of human hearing, 
which is generally considered to be 16 kHz[4], a limit arising from the middle 
ear acting as a low-pass ﬁlter[5]. There are two broad classes of ultrasound 
in common use, which are deﬁned by their applications. 
Diagnostic or imaging ultrasound is used in medical imaging and non­
destructive testing. Additionally, echolocation by bats, whales and 
submarines, also termed sonic navigation and ranging, SONAR, falls 
in the realm of imaging ultrasound. The frequency range is generally 1– 
10 MHz, although echolocation often uses frequencies of below 100 kHz, 
and medical imaging uses frequencies up to 100 MHz[6]. Acoustic inten­
sity is generally low, as the intent is to probe structure, not to perturb 
it. As an example, the regulatory limit for diagnostic ultrasound in the 
USA is 720 mW cm−2[7]. 
Power ultrasound is used during cleaning with ultrasound baths, indus­
trial dispersal of solids and for the majority of sonochemistry—the use 
of ultrasound in a chemistry environment. The frequency range is ap­
proximately 20–100 kHz, and highly dependent on the desired outcome 
of the sonication procedure[8]. Acoustic intensity is generally high, 
as the intent is to physically alter some component of the medium. 
An ultrasound bath has an intensity of 1–2 W cm−2, whereas a horn 
transducer can provide intensities of over 100 W cm−2[9]. 
1.1.1 Wave description of ultrasound 
Sound is an example of a longitudinal wave, in that particles of the transmit­
ting medium are displaced about their local positions parallel to the direction 
of motion of the wave. The particles do not travel with the wave through 
the medium, but merely oscillate periodically with the transmitted wave[10], 
such that the sound acts as a travelling pressure wave. Figure 1.1 shows a 
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Figure 1.1: Diagram of particle displacement and acoustic pressure with 
respect to distance along a longitudinal acoustic wave 
system that can be used to model the behaviour of particles in a medium 
capable of carrying ultrasound. The blue circles are representative of the 
particles that are displaced from their equilibrium positions by the acoustic 
wave, connected in a line by massless springs, which can be likened to the 
van der Waals forces between molecules in a solid or liquid, or the bulk prop­
erties of density and compressibility in a gas. The model therefore contains 
the necessary properties for a medium that may carry ultrasound: inertia 
and elasticity. The graphs illustrate the relationship between the displace­
ment and acoustic pressure that these particles experience, depending on 
their distance along the propagating wave. It can be seen that the plots are 
sinusoidal and in quadrature—one a sine wave and the other a cosine wave, 
or alternatively, 90◦ out of phase. 
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At regions of negative acoustic pressure—rarefactions—there is a local 
decrease in particle density with a corresponding increase in density at regions 
of positive pressure—compressions. The wavelength is shown in the ﬁgure, 
and is the distance between two points on the sine wave that have an identical 
amplitude and are changing at the same rate. If the velocity of the wave 
through the medium is known then it is possible to calculate the frequency 
at which each particle oscillates by taking the result of dividing the velocity 
by the wavelength 
c = fλ (1.1) 
c 
f = (1.2)
λ 
where c is the velocity, f is the frequency and λ is the wavelength. There 
are also considerably more complex models for the speed of acoustic waves 
through a medium, including a 1997 study by Marczak on the speed of sound 
through pure water[11], which predicts a ﬁgure of 1496.7 m s−1 at 298.15 K 
and atmospheric pressure. Under these conditions, and with a typical power 
ultrasound frequency of 25 kHz, the acoustic wavelength is approximately 
6.0 cm. It should be noted that the speed of sound in water can be signiﬁ­
cantly altered by the presence of air bubbles. For example, a study by Fox 
et al. determined that the phase velocity of sound through bubble-populated 
water could increase from 500 m s−1 to 2000 m s−1 as the sound frequency 
was increased from 30 kHz to 120 kHz[12]. 
1.1.2 Generation of ultrasound 
Piezoelectricity is the property of some materials—including quartz, sugar 
and bone[13]—to generate an electrical potential in response to an applied 
mechanical stress[14]. Ultrasonic transducers commonly utilise the inverse 
piezoelectric eﬀect for generation of ultrasound, whereby an electric poten­
tial is applied across a crystal to induce a shape change normal to the elec­
tric ﬁeld. A diagram showing a signiﬁcantly-exaggerated view of the inverse 
piezoelectric eﬀect is shown in Figure 1.2, with the base polarisation of the 
4

Figure 1.2: Diagram showing an exaggerated view of the inverse piezoelectric 
eﬀect 
crystal on the left, and applied electric potential in the centre and on the 
right. While the shape change is slight—up to around 0.2% in the direc­
tion of polarisation in the case of lead zirconate titanate—it is possible to 
apply an alternating potential and therefore induce vibration of the crystal 
at an equivalent frequency to that of the potential, which in turn induces 
an acoustic ﬁeld in the medium coupled to the transducer. Acoustic waves 
in the surrounding medium of the greatest amplitude are generated at the 
resonant frequency—or a harmonic of that frequency—of the crystal, leading 
transducers to be most eﬃcient over only a narrow frequency range. Modern 
ultrasound transducers commonly utilise two disks of a ceramic containing 
lead zirconate titanate sandwiched between metal blocks, to create a durable 
unit capable of twice the mechanical eﬀect of a single crystal. 
Magnetorestriction is an alternative technique to that of piezoelectric­
ity, although it is signiﬁcantly less eﬃcient in terms of mechanical eﬀect. 
The eﬀect was initially observed with nickel by Joule in 1842[15]. Auxiliary 
cooling is often required for magnetorestrictive transducers, due to frictional 
heating losses. The use of magnetorestriction is still common in certain ap­
plications, especially as there is less dependence on resonance frequency as 
compared to piezoelectric materials. The eﬀect is observed when a bar or 
rod of ferromagnetic material is subjected to a magnetic ﬁeld, causing it to 
undergo a change in length, analogous to the shape change of piezoelectrics. 
5

Nickel is often used for this purpose, as the eﬀect is particularly strong. If 
the magnetic ﬁeld is made to oscillate, the length of the bar will undergo 
change according to the frequency of the magnetic ﬁeld oscillation. Unlike 
with piezoelectric materials, the amplitude of the magnetic ﬁeld is oscillated, 
not the polarity; a ﬁeld of negative polarity has an identical eﬀect to that of 
one of positive polarity. 
Generating devices 
The ultrasonic cleaning bath is a common feature of many modern laborato­
ries, and is one of the least expensive and most applied devices for generation 
of ultrasound. In a common design, one or many ultrasonic transducers are 
attached to the bottom of a stainless steel container. The bath is ﬁlled 
with water, and items that require cleaning are suspended in the liquid to 
undergo ultrasonic irradiation. It is possible to perform sonochemical exper­
iments with the use of an ultrasonic cleaning bath, by suspending a reaction 
vessel inside the bath. However, transmission of the acoustic ﬁeld into the 
reaction cells is poor, leading to a local attenuation of the ﬁeld. Attenuation 
of the acoustic ﬁeld by the large volume of water inside the bath is slight 
at frequencies of around 25 kHz, but signiﬁcant at 1 MHz[16]. Additionally, 
as the acoustic ﬁeld is spread over a large area, the intensity is moderate 
compared to a an ultrasound horn, for example. 
A dedicated alternative for sonochemical reactions is that of the direct 
immersion ultrasound horn. These devices are comprised of a tip, generally 
composed of titanium, that is attached to a transducer and directly immersed 
in the reaction vessel, so as to be in contact with the reactant medium. The 
acoustic ﬁeld generated by a horn emitter is classed as piston-like[17], and is 
thus more reproducible than that of an ultrasonic bath. Additionally, the nu­
cleation in a single region, close to the surface of the tip where high acoustic 
intensities of 50–100 W cm−2 occur, simpliﬁes the study of cavitation. Fur­
thermore, direct immersion apparatus is typically designed for much greater 
acoustic power output than ultrasonic cleaning baths. An unfortunate con­
6

5 mm
Figure 1.3: Photograph of a titanium tip of an ultrasonic horn, approximately 
2 cm in diameter, showing erosion from extended use 
sequence of this increased power is the occurrence of cavitation on the tip of 
the probe, which leads to erosion of the tip and contamination of the reac­
tion mixture. Evidence of this process can be seen in Figure 1.3, where an 
ultrasonic horn tip that has been operated in solution for several hundred 
hours has been severely eroded. 
Ultrasonic welding is a common industrial technique to create solid-state 
welds, that was ﬁrst developed in 1955[18]. It is especially popular for the 
joining of thermoplastics, as there are no additional adhesives or connective 
devices, beyond the materials that are to be joined. For the welding of 
thermoplastics, the two materials are generally chosen to have similar melting 
points, and placed in contact on a holding plate, before an ultrasonic horn is 
held in contact at the desired join point, and then activated. The vibratory 
motion of the horn is transmitted through the two materials, which gives rise 
to a localised increase in temperature, causing the materials to bond when 
they both melt[19]. The primary advantage of ultrasonic welding in this 
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situation is the short weld time—often of under one second—combined with 
the automation that is possible thanks to the simplicity of the procedure. A 
secondary beneﬁt is the low cost of the technique. 
A possible alternative to the dental drill for caries extraction (the removal 
of dental cavities from a diseased tooth) is that of an ultrasonic dental cutting 
instrument[20]. Studies with an instrument of nominal 25 kHz oscillating 
frequency, used in conjunction with a thick aluminium oxide and water slurry, 
showed that it was possible to remove diseased regions of dentine with the 
instrument. Harder material was found to be easier to remove than softer 
material, although the work was only taken to a preliminary stage. However, 
a clinical trial on forty patients found the technique to be favourable to the 
dental drill for the reduced vibration and sound levels[21]. 
1.2 Cavitation 
Acoustic cavitation can be deﬁned as the generation or distortion of liquid 
boundaries within the body of a liquid upon irradiation with acoustic energy, 
although cavitation by laser action or hydrodynamic ﬂow is also possible. It 
can be thought of as the action of ‘tearing’ the liquid apart so as to generate 
a cavity, into which any dissolved gases and liquid vapour may enter. The 
process that is now known as cavitation was initially studied by Lord Rayleigh 
in the early 20th century, with a theoretical treatment of spherical bubble 
collapse[22]. The impetus for this study came from the British Royal Navy, 
who commissioned Rayleigh to investigate erosion damage of ship propellers. 
1.2.1 Inception 
A pure, homogeneous liquid will initiate cavitation when it is subjected to 
an acoustic pressure amplitude that generates a pressure during rarefaction 
which becomes more negative than the saturated vapour pressure of the 
liquid. Alternatively, cavitation occurs when the acoustic pressure amplitude 
8
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Figure 1.4: A plot that illustrates the negative pressure exerted on a cavi­
tating pure liquid. The red line indicates the applied acoustic pressure, the 
green line the pressure exerted on the liquid 
exceeds the static ambient pressure such that the negative pressure exceeds 
the tensile strength of the liquid, as illustrated in Figure 1.4. Numerous 
studies have attempted to determine the necessary applied pressure, using 
a wide variety of experimental techniques, with quoted values of at least 
−16 to −140 MPa. A recent study by Herbert et al. reviewed the previous 
experimental work and arrived at a new ﬁgure of −24 MPa at 298 K and 
1 atmosphere pressure[23]. 
In most practical circumstances, cavitation bubbles are formed by the 
expansion of a pre-existing liquid boundary—seed nuclei. Possible sources 
of such nuclei include microscopic crevices on glass containers, solid motes 
(alien bodies, often dissolved in tap water), pre-existing gas bubbles sus­
pended in the liquid, or other impurities. Inhomogeneities or contaminants 
that may be present in the liquid will reduce the tensile strength of the liquid 
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system. Thus, freshly-drawn tap water in a glass beaker—which would con­
tain a wide range of organic impurities, crevices populated with microscopic 
bubbles and also signiﬁcant quantities of suspended bubbles and dissolved 
air—has a signiﬁcantly lower tensile strength than deionised water that has 
been vigorously degassed, and will require an acoustic pressure amplitude of 
lower magnitude to initiate cavitation. 
Once a signiﬁcantly negative pressure has been achieved and the liquid 
has begun to cavitate, small cavitation bubbles will be formed, with a corre­
spondingly high surface tension. This leads to a positive pressure diﬀerence 
across the bubble wall called the Laplace pressure, which is given as 
2σ 
Δp = pi − po = (1.3)
R0 
where pi is the pressure inside the bubble, po is the pressure outside the 
bubble, σ is the surface tension and R0 is the radius of the bubble, and gives 
signiﬁcant pressure diﬀerences for small bubbles such as those formed at the 
inception of cavitation (approximately 2.88 MPa when the radius is 0.5 µm, 
in pure water). If the negative pressure is great enough, the bubble can 
grow without being limited by the surface tension. This is termed the Blake 
pressure threshold [24]. 
1.2.2 Stable and transient cavitation 
It was proposed by Flynn that cavitation could be classed as either stable 
or transient (often termed non-inertial and inertial, respectively)[25]. High-
intensity ultrasound (that is, applied acoustic ﬁelds of high acoustic pressure 
amplitude) often leads to transient cavitation, where bubbles exist for only 
a few acoustic cycles before a violent collapse. Low-intensity ultrasound 
primarily leads to stable cavitation, where bubbles grow to an equilibrium 
radius over the course of many acoustic cycles, around which they oscil­
late and can cluster into stable multi-bubble ﬁelds. Laser densitometry and 
phased Doppler techniques have been used to determine the mean cavitation 
10

Figure 1.5: Diagram of the stable and transient acoustic cavitation processes 
bubble radius to be 3–25 µm under 20 kHz applied ultrasound at a range 
of input powers of 35–300 W[26]. A theoretical treatment by Yasui gives 
a broader range of cavitation bubble radii of 0.1–100 µm, that comfortably 
encompasses the experimentally-observed range[27]. 
A simpliﬁed diagram of the transient and stable cavitation processes is 
shown in Figure 1.5. The growth of a cavitation bubble from a seed nucleus 
is shown in the top-left ﬁgure. The next two ﬁgures—surrounded by the 
dashed grey line—represent the oscillation of the cavitating bubble around 
the equilibrium radius: stable cavitation. Even during transient cavitation, 
it is possible for a cavitation bubble to oscillate around the equilibrium ra­
dius for several acoustic cycles before moving on to the next step of extreme 
growth, shown in the ﬁgure at bottom-right. The ﬁgure at bottom-centre 
shows the rapid collapse of the cavitation bubble, before the implosion and 
subsequent shock wave shown at bottom-left. If a seed nucleus still remains 
11

after this cavitation collapse process, it can then go on to form further cavi­
tation bubbles, and the cycle can repeat. 
As previously mentioned, increasing the intensity of ultrasound often 
leads to dominance of transient cavitation over that of stable cavitation, 
as bubbles grow signiﬁcantly larger than their equilibrium radius during 
rarefaction, collapsing after only a few acoustic cycles. As this limit is ap­
proached, viscous and inertial eﬀects dominate the bubble motion, increasing 
the threshold pressure above that of the Blake pressure[28]. Thus, increas­
ing ultrasound intensity leads to a general trend of an increasing number of 
cavitation collapse events occurring, up to a threshold intensity where the 
time available for collapse during rarefaction is insuﬃcient. Increasing the 
frequency of the applied ultrasonic ﬁeld decreases the number of cavitation 
collapse events[29]. This eﬀect is thought to be—similarly with high inten­
sity ultrasound—due to the short time between compression and rarefaction, 
which prevents a cavity from growing into an equilibrium-radius cavitation 
bubble[30]. 
The size distribution of cavitation bubbles is found to be broad at lower 
frequencies, narrowing signiﬁcantly at higher frequencies[31]. The same study 
also found that mean bubble radius increased with increasing acoustic power, 
up to a limit of approximately 4.5 µm under sonication at 1 MHz. 
Increasing the temperature has the eﬀect of changing the nature of cavita­
tion collapse events to be less violent, due to the increase of vapour pressure 
over the liquid. Cavities will therefore contain more vapour, which has a 
cushioning eﬀect during the collapse phase of cavitation. This can be a 
problem during sonochemical experiments, as signiﬁcant thermal energy is 
radiated into the solution during cavitation processes, necessitating active 
cooling solutions for situations where high acoustic power amplitudes are 
used. Finally, a liquid with a high viscosity will be able to produce fewer 
cavitation bubbles than one with lower viscosity, as the tensile strength of 
the more viscous liquid is greater, necessitating a greater acoustic pressure 
amplitude for cavitation inception to occur. 
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1.3 Sonochemistry 
Sonochemistry is the term used to describe the chemical eﬀects arising from 
the action of sound. It most frequently refers to eﬀects arising from ultra­
sonic irradiation, and speciﬁcally to cavitation bubble collapse, as these are 
the eﬀects of sound that have the greatest chemical utility. Sonication of a 
homogeneous system such as water can induce bond cleavage and radical for­
mation in the liquid, forming hydrogen atoms and hydroxyl radicals in this 
case. In a system where dissolved gases are present, these too can undergo 
bond cleavage. Further reactions of these radicals are both possible and rapid, 
leading to many products, including (in the water case when under an atmo­
sphere of air) H2, O2, O3, H2O2, N2O, HNO3 and many others[32, 33, 27, 34]. 
The most accepted theory for explaining these eﬀects is that of the high 
temperature inside the core of a collapsing cavitation bubble. The rapid 
collapse of an imploding bubble is believed to generate high temperature 
and pressure of 5000 K and 1000 atmospheres, respectively[35]. The ex­
perimental evidence for such ﬁgures is diverse and in broad agreement. A 
theoretical treatment by Plesset and Chapman gave an estimate of the pres­
sure exerted on an adjacent surface by the jet formed from collapse of a 
spherical cavitation bubble to be approximately 800 atmospheres[36]. Laser 
interferometry of water around a collapsing laser-induced cavitation bubble 
near a solid surface showed a pressure of at least 70 atmospheres[37], while 
direct observation by high-speed photography under similar conditions gave 
a range of 35–100 atmospheres[38]. A theoretical study of the pressure in­
side a collapsing cavitation bubble gave an average throughout the collapse 
process of 1000 atmospheres, with shock waves produced by the bubble col­
lapse and observed with a ﬁbre-optic probe hydrophone of pressures up to 
200 atmospheres, depending on the initial bubble radius[39]. 
Early estimates of the temperature at the core of a collapsing cavita­
tion bubble include a theoretical treatment by Noltink and Neppiras from 
1950, where a maximum temperature of 10000 K was predicted[40]. Observa­
tion of the sonoluminescence spectra from cavitated water by Srinivasan and 
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Holroyd in 1961 gave a hotspot temperature of 8800 K from air-saturated 
water[41]. Sonication of metal particles in hydrocarbon liquids has been used 
to estimate the localised eﬀective temperature to be between 2900–3700 K, 
by choice of metals with a variety of melting points and study of the resulting 
slurry to determine whether particle fusion by melting had occurred[42]. This 
range ﬁts well with an earlier study by Sehgal et al. which suggested a hotspot 
temperature of 3360 ± 333 K[43] by analysis of sonoluminescence emission 
spectra from water. Observation of excited state C2 emission of silicone oil 
under applied ultrasound gave an eﬀective temperature of 5080±160 K[44]— 
in good agreement with comparative rate thermometry of a range of metal 
carbonyls, which placed the eﬀective temperature at 5200 ± 500 K[45]. A 
study by Didenko et al. employed spectral analysis of the multi-bubble sono­
luminescence of water doped with benzene to arrive at a hot spot tempera­
ture of 4300 ± 200 K[46]. Observations of emission spectra from argon- and 
xenon-saturated water under sonication suggests a blackbody temperature 
at the core of a collapsing bubble of 12500 ± 1500 K[47]. These extreme 
conditions—in otherwise ambient liquids—give rise to localised ‘hot spots’ of 
high-energy species, which can in turn react with nearby species, giving rise 
to a wide variety of products that may otherwise be diﬃcult to attain under 
ambient conditions. 
The eﬀects of ultrasound generally increase the rate of reaction, although 
it is not a universally applicable technique. A multitude of eﬀects are pos­
sible, and any combination can give an improvement or otherwise aﬀect the 
process of a chemical reaction. Extreme agitation of the system, primarily 
caused by cavitation bubble collapse, has a similar eﬀect to vigorous stirring, 
as it actively disturbs the liquid. Asymmetric cavitation bubble collapse near 
particles in solution can both erode the surface of the particles through mi­
crojet formation, and rapidly disperse the particles throughout the liquid. 
Both eﬀects can act to increase the rate of reaction, with the intense disper­
sal also able to accelerate solid particles to high-velocity collisions which can 
lead to localised melting. The erosion process can be particularly useful in 
the case of metal particles, where an oxide layer may be present. Cavitation 
14

bubble collapse near the surface can remove these passivating layers through 
erosion, dramatically increasing the reaction rate[42]. Cavitation bubbles can 
be especially likely to arise near the surface of such particles, due to crevices 
on the surface being candidate seed nuclei. 
Owing to the high frequencies generally used in diagnostic ultrasound, it 
was expected that there was little chance of cavitation resulting from its uses 
in a clinical diagnostic situation. However, experimental work suggests that 
this may not be the case[48]. At MHz frequencies, signiﬁcant heating of bio­
logical tissue has been observed. For some techniques, such as high-intensity 
focused ultrasound, this is expected and desired, as attenuation is propor­
tional to the square of the frequency and the localised heating so obtained is 
used to destroy pathogenic tissue. At kHz frequencies, sonochemical eﬀects 
have been observed in vitro[49], and it is possible that such eﬀects could also 
arise at higher frequencies. Further developments in the ﬁeld of sonodynamic 
therapy are underway to apply focused ultrasound to initiate cell-death in 
cancerous tumours[50]. 
1.3.1 Radical production in aqueous solution 
Cavitation bubble collapse in aqueous conditions leads to sonolysis of water, 
giving rise to H2O2 and H2 via the formation of hydroxyl radicals and hydro­
gen atoms. Initial work by Schmitt discovered the production of hydrogen 
peroxide during the sonolysis of water, through sonication of potassium io­
dide solution and the liberation of iodine[51]. Further experiments, involving 
titanium sulphate—a highly sensitive reagent to hydrogen peroxide—showed 
positive results in the majority of cases. Work by Weissler in 1959 with radi­
cal scavengers, proved the intermediacy of hydroxyl radicals[52]. The higher 
the concentration of scavenger in the solution, the lower the yield of hydrogen 
peroxide. Conclusive evidence of the formation of radicals was not reported 
until 1982 by Makino et al.[53]. Diamagnetic spin-trapping compounds were 
used to trap the short-lived hydroxyl and hydrogen radicals, converting them 
into signiﬁcantly longer-lived radicals that are observable via electron spin 
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resonance (ESR) spectrometry. 
Theoretical models by Yasui et al. on single-bubble systems also suggest 
that signiﬁcant quantities of oxygen atoms are produced in solutions under an 
air atmosphere, although selective trapping of oxygen atoms is diﬃcult[54]. 
Several other reaction pathways are also possible, including formation of 
nitrogen-containing compounds, although the low quantity of dissolved ni­
trogen relative to the abundance of water molecules leads to far fewer al­
ternative products. Reﬁnements of Yasui’s models suggest that cavitation 
bubble temperatures of greater than 6500 K at the moment of collapse sig­
niﬁcantly bias the reaction products towards nitrogen-containing compounds 
and hydroxyl radicals[34]. 
Detection of radical products 
Radical products formed by the cavitation bubble collapse process are im­
portant in determining the sonochemical activity of a system, so a method 
for detecting radicals is of great utility to sonochemists, and several meth­
ods of selective radical-trapping exist. The aforementioned (in Section 1.3.1) 
spin-trapping technique made use of the compound 5,5-dimethyl-1-pyrroline 
(DMPO) in water as a trap, forming hydrogen and hydroxyl adducts which 
were observed in an ESR spectrometer. While conclusively proving the pres­
ence of both hydrogen and hydroxyl radicals in the cavitation bubble collapse 
process, the technique is of limited use in dosimetry—the measurement of a 
chemical change that takes place (in this case) during sonication—as ESR 
spectrometers are not routinely available. 
A common method for dosimetry of radicals is the oxidation of FeII to 
FeIII, known as the Fricke dosimeter[55, 56]. This technique has been used for 
experiments involving ionising radiation in order to determine the amount 
of absorbed energy[57], and despite the age of the technique it is still in use 
to this day[58]. FeIII absorbs strongly in the ultraviolet at 350 nm, leading 
to the possibility of spectrophotometric determination of its concentration, 
which has been used by several groups as an approximate measure of the 
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sonochemical activity of a system[59, 60, 61]. However, FeII can also be 
oxidised by radical products such as hydrogen peroxide and oxygen atoms, 
making it impossible to quantitatively determine the number of radicals in­
volved in oxidation—and by extension—to measure the number of cavitation 
bubble collapse events. An alternative dosimeter that does permit quantita­
tive analysis of radical production utilises alkaline solutions of terephthalic 
acid. 
1.4 The terephthalate dosimeter 
The terephthalate dosimeter makes use of an alkaline solution of tereph­
thalic acid (TA), which reacts solely with the hydroxyl radical product of 
acoustic cavitation to form 2-hydroxyterephthalic acid (HTA), as shown in 
Figure 1.6. The terephthalate system was initially developed to monitor ion­
ising radiation[62]—much like the Fricke dosimeter. While the yield of the 
TA radical-trapping process is known to be less than 100%[63]—as well as 
being dependant on the concentration of TA—previous work by Price and 
Lenz discovered an optimum concentration[64]. The strong ﬂuorescence of 
HTA allows the progress of the radical-trapping reaction to be monitored, as 
TA is not a ﬂuorescent species. 
The terephthalate dosimeter is particularly appropriate for the study of 
cavitation activity due to its selectivity towards the hydroxyl radical product 
of cavitation bubble collapse. It has been determined that the detection limit 
of the terephthalate dosimeter is at least two orders of magnitude lower than 
that of the Fricke dosimeter[65]. Many studies have attempted to measure 
the cavitation activity of a system, including a recent report that shows a 
dependence of the hydroxyl radical concentration—using the terephthalate 
dosimeter—on the logarithm of the acoustic pressure amplitude[66]. 
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Figure 1.6: Ultrasonic conversion of TA to HTA, via the trapping of hydroxyl 
radicals. Mechanism adapted from Fang et al.[62] 
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1.5 Mapping regions of cavitation activity 
While overall cavitation activity is a useful property of a system to measure, 
it can also be useful to monitor localised cavitation activity, in order to 
determine what features of current ultrasonic tip design stimulate or restrict 
cavitation. Several techniques are available, as follows. 
1.5.1 Hydrophones 
Hydrophones are the underwater analogue of microphones, and generally 
operate by use of the piezoelectric eﬀect, whereby a shape change in a piezo­
electric material gives rise to an electric potential. A hydrophone is therefore 
a passive device, assuming that the presence of the hydrophone does not itself 
have an eﬀect on the acoustic ﬁeld. The size of the hydrophone can aﬀect the 
measurement as a hydrophone that is larger than the wavelength will create 
a disturbance in the ﬁeld, so selecting a hydrophone that is suitable for the 
expected acoustic ﬁeld is desirable. Hydrophones are often used to observe 
frequencies well below the resonance frequency of the device, making the fre­
quency response almost linear over a wide range, from kHz to MHz. Many 
diﬀerent types of hydrophone exist—membrane and needle hydrophones be­
ing the most common—but all require electronic analytical equipment to 
be of use. Cavitation bubble collapse products have a tendency to degrade 
hydrophones, so continued use may require replacement devices. 
The spatial resolution of the technique is dependent on the physical di­
mensions of the hydrophone, as well as the ability to accurately position the 
hydrophone in the environment. The timescale of the measurement is depen­
dent on the frequency under study, and whether any integration is required. 
1.5.2 Sonoluminescence 
Sonoluminescence is a process whereby collapsing cavitation bubbles emit a 
burst of light. It was initially discovered by Frenzel and Schultes in 1934, 
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when they placed an ultrasonic transducer in a bath of photographic de­
veloper ﬂuid, in the hope that it would speed up the development process: 
instead, they noticed tiny dots on the ﬁlm after development[67]. This phe­
nomena came to be known as multi-bubble sonoluminescence (MBSL), and 
was the subject of sporadic research be several groups, including Sehgal et al., 
who published a series of papers exploring the emission spectra from cavitat­
ing liquids[68, 43, 69, 70, 71]. In the early 1990s[72], Gaitan et al. introduced 
single-bubble sonoluminescence (SBSL)[73], a specialised oﬀshoot of sonolu­
minescence research. In SBSL, a single bubble is suspended in an acoustic 
standing wave, and emits a pulse of light with each compression induced by 
the standing wave. It is possible to enhance the light output of both MBSL 
and SBSL by saturating the liquid with a noble gas, with argon often used for 
this purpose[74]. Regions of the solution with greater cavitation activity—in 
the case of MBSL—display more intense light emission. 
The very short duration of sonoluminescence emission has been studied 
with SBSL by several groups, giving a range of values from 12 ps with a 20% 
glycerine/water mixture[75], less than 50 ps with distilled water[76] and also 
with distilled water a range from 60–250 ps (greater durations were observed 
with increasing gas concentration and driving pressure)[77]. These short 
durations make sonoluminescence an especially useful technique to determine 
the precise location of cavitation bubble collapse. The short timescale of 
individual sonoluminescence events is generally insuﬃcient for a complete 
analysis of a cavitating system, and so integration over a longer period is 
required in order to provide a useful map of cavitation activity. 
Sonochemiluminescence 
Sonochemiluminescence is the enhancement or augmentation of sonolumi­
nescence by the addition of another chemical that undergoes luminescence 
when reacted with the products of cavitation bubble collapse. Solutions of 3­
aminophthalichydrazide (luminol) are frequently used for this purpose. A se­
ries of reactions—that begin when the dissolved luminol reacts with hydroxyl 
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radicals produced by collapsing cavitation bubbles—leads to the emission of 
blue light that is signiﬁcantly more intense than that of sonoluminescence 
under the same conditions, as shown in the diagram in Figure 1.7. 
In a typical system under ultrasonic irradiation, it would be expected that 
sonochemiluminescence would oﬀer less spatial resolution than sonolumines­
cence, due to the extended lifetime of luminol, up to 50 ms, which can lead to 
a smearing eﬀect on luminescence recordings (depending on whether motion 
of the ﬂuid during luminescence emission carries emitting species from their 
point of excitation)[79], unlike for sonoluminescence measurements where 
the lifetime is signiﬁcantly shorter. However, the signiﬁcant enhancement 
in sensitivity may make this loss of resolution acceptable, depending on the 
expected level of cavitation activity. 
1.5.3 The ‘Cavimeter’ 
The ‘Cavimeter’ is a prototype device developed by the National Physical 
Laboratory (NPL) to study cavitation intensity in ultrasonic cleaning baths, 
which makes use of a novel piezoelectric sensor that records the acoustic 
emission from a cavitation system[80, 81]. A photograph of the cylindrical 
sensor is shown in Figure 1.8. The sensor is placed in a solution under 
ultrasonic irradiation, with the outer layer acoustically shielding the inner 
sensor from acoustic signals. 
The output from the sensor is passed to the ‘Cavimeter’ monitor and split 
into three further outputs: the driving frequency, as well as harmonics and 
sub-harmonics of the driving frequency. The driving frequency indicates the 
output of the ultrasonic generator under study, as well as that of linearly-
oscillating bubbles. The subharmonic measurement records acoustic emission 
that is indicative of the onset of transient cavitation. The harmonic measure­
ment, called ‘cavitation’ on the ‘Cavimeter’ monitor, records high-frequency 
acoustic emission indicative of predominantly stable cavitation. The ability 
of the ‘Cavimeter’ to determine the type of cavitation occurring in a system 
is particularly appealing. 
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Figure 1.7: A diagram showing the reaction of luminol with cavitation prod­
ucts to produce light. Mechanism adapted from McMurray and Wilson[78] 
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10 mm
Figure 1.8: NPL ‘Cavimeter’ sensor 
The spatial resolution of the ‘Cavimeter’ is dependent an the physical 
dimensions of the sensor, as well as the ability to accurately position it in 
the apparatus. The monitor integrates the acoustic signal over a period of 
two seconds, giving a necessarily average view of the experimental system. 
1.5.4 Conclusion 
Utilising the above methods, it is possible to map relative cavitation activity 
in a solution, either by changing the position of hydrophones or by comparing 
intensities of—for example—a long exposure photographic image generated 
from sonoluminescence. It is preferable to use an entirely passive method 
for monitoring cavitation, as any impurities introduced into the system will 
alter the properties of the liquid and aﬀect the results, most likely increasing 
the cavitation activity by providing more seed nuclei while simultaneously 
decreasing the tensile strength of the liquid. Any such modiﬁcations to the 
system must be carefully considered, if quantitative conclusions are to be 
drawn from an experiment. 
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1.6 Dental (de)scaling 
Tooth loss in adults is primarily caused by periodontal disease—an inﬂamma­
tory condition aﬀecting the tissues that surround and support the tooth. The 
primary cause of the disease is poor oral hygiene, leading to the accumulation 
of a bacterial bioﬁlm known as dental plaque. If the plaque is allowed to fur­
ther accumulate, it can be mineralised to form calculus—commonly known 
as tartar. Left undisturbed, the build-up of plaque and calculus can lead to 
periodontal disease. Scalers are used in dentistry to remove both subgingi­
val, below gumline, and supragingival, above gumline, deposits of plaque and 
calculus (scale) from teeth. The scaler term is perhaps misleading given that 
the purpose is to remove scale from teeth, and herein the instruments shall 
be referred to as descalers. Manual descaling instruments—also referred to 
as hand instruments—were the ﬁrst and most basic types of descalers. A sig­
niﬁcant treatment duration is demanded when hand descalers are used, due 
to the time-consuming manual nature of scale removal, whereby the descaler 
is drawn backwards and forwards along the scale in order to dislodge it from 
the tooth surface. 
Powered descalers are operated at either sonic or ultrasonic frequencies. 
Sonic descalers are driven by compressed air and operate at frequencies of 
approximately 3–6 kHz[82]. Ultrasonic descalers, in comparison, operate at 
greater than 20 kHz, and generally between frequencies of 25–30 kHz†. 
1.6.1 Ultrasonic descalers 
Compared with traditional hand instrumentation techniques, ultrasonic descalers 
have the advantage of signiﬁcantly reduced treatment duration[83, 84], to­
gether with reduced diameter and greater length, which also provide the 
clinician with improved access to subgingival sites[85]. However, both man­
ual descalers and ultrasonic descalers can be equally eﬀective in the goal of 
†Manufacturers often specify a range of operating frequencies in their product litera­
ture, hence the wide range of ultrasonic descaler operating frequencies. 
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Figure 1.9: Ultrasonic scaler tips, types ‘A’, ‘P’ and ‘PS’. The free end of the 
tip is placed side-on to the tooth during treatment. The length of the tips 
ranges from approximately 17–20 mm. 
10 mm
Figure 1.10: Ultrasonic descaler handpiece, with ‘A’ tip attached 
removing scale from a tooth surface[86], although ultrasonic descalers oper­
ated at medium power have been shown to cause less root surface damage 
than manual descalers[85]. As the technique of mechanically-assisted de­
bridement is commonplace in dental practise, most research into ultrasonic 
descalers concerns the eﬀectiveness of the provided treatment, and not the 
properties of the device itself. 
The design of descalers varies between manufacturers, but as shown in 
Figure 1.9 is generally a ‘J’-shaped metal—often titanium—tip, approxi­
mately 25 mm in length and attached to a handpiece that is manipulated by 
the clinician. Figure 1.10 shows a photograph of a descaler handpiece with a 
tip attached at left, and a power cord, doubling as a delivery tube for cooling 
solution, attached at right. 
During use, a transducer in the handpiece induces vibration at ultrasonic 
frequencies in the tip, and the side of the free end of the tip is placed par­
allel to the tooth, contacting at the free end of the tip. The descaler is 
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moved vertically along the tooth, while mechanically removing deposits on 
the surface[87]. Both piezoelectric and magnetorestrictive transducers are 
in wide use, although there is little consensus as to the diﬀerences of either 
generation technique that might aﬀect the eﬀectiveness of a descaler[88, 89]. 
Frictional heating occurs during contact of a surface with an operating ul­
trasonic descaler, which can cause damage to both the tooth and the gingiva 
of the patient. While the eﬀectiveness of scale removal may not be aﬀected 
by the heating process, the damage to the patient is of concern. The trans­
ducer is also subject to the same heating eﬀect during descaler operation. 
The heating is reduced by passing an aqueous irrigant solution through the 
handpiece and out of a small outlet on the underside of the tip[90], which 
ﬂows over and oﬀ the tip during operation, and can result in aerosol pro­
duction. It has been suggested that additional care may be required during 
cleaning procedures involving ultrasonic descalers, due to the possible disper­
sal of micro-organisms via the aerosol, leading to bacterial contamination of 
the surrounding tissue[91]. Conversely, it has been suggested that cavitation 
might occur in the solution as it ﬂows over the tip, and that this may aid 
the cleaning process[92]. In the study, ultrasonic descaling was simulated by 
passing the irrigant solution of an operating descaler over a thin aluminium 
ﬁlm, deposited on a glass microscope slide. The tip was held in contact with 
the aluminium ﬁlm and the erosion occurred both at the point of tip contact 
and in an area that followed the path of the cooling water as it ran oﬀ the 
microscope slide. 
In the ﬁeld of endodontics, the branch of dentistry that deals with the 
pulp and root of the tooth, ultrasonic descalers have been modiﬁed to prepare 
root canals, with the resulting discipline termed endosonics[93]. Cavitation 
is regarded as a potentially important factor in the cleansing procedure of 
the root canal system, with teeth treated with endosonics thought to be 
cleaned more eﬀectively that with traditional manual ﬁling instruments[94]. 
Acoustic microstreaming has also been observed around endosonic ﬁles, with 
the circulation driven directly by the oscillating ﬁle and not by cavitation 
bubbles[95]. 
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20 mm 20 mm
Figure 1.11: At left, the silhouette of a dental descaler immersed in water. 
At right, the backlight is switched oﬀ and MBSL from the tip operated at 
maximum power is shown. Reproduction from The Acoustic Bubble[96] 
The eﬀect of cavitation activity on the tooth surface has been simulated 
by Walmsley et al.[3]. An in vitro model of dentine was used to investigate 
the eﬀects of cavitation on a tooth root surface, which were observed with 
scanning electron microscopy, SEM. Ultrasonic descalers were operated with 
the tip in contact with the dentine model surface, both with and without 
cooling water ﬂowing over and oﬀ the surface of the tip. Both measurements 
showed a similar depression in the surface caused by the physical contact 
with the oscillating tip. However, the experiments where cooling solution 
was allowed to ﬂow over the tip also showed a cone-shaped area of erosion 
that followed the direction of the water ﬂow. 
Leighton and Byrne have presented sonoluminescence results of an ultra­
sonic descaler operated in water[96]. A reproduction of the result with the 
descaler operated at maximum power is shown in Figure 1.11. Cavitation 
activity is indicated at the free end of the tip, halfway along the tip and close 
to the handpiece end of the tip. Further images in the same series demon­
strate that the intensity of luminescence decreases with decreasing generator 
power, with luminescence only appearing halfway along the tip. 
Previous studies have determined that cavitation occurs around ultra­
sonic dental descalers and that it is dependent on tip design, acoustic power 
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and operating duration[2]. While the occurrence of cavitation is accepted, its 
use during cleaning is only seen as a by-product of the ultrasonic descaling 
process. It is possible that cavitation activity around a descaler tip could 
be directed towards a tooth surface, removing any scale present without re­
quiring physical contact. Such a non-contact technique would be enticing for 
both clinicians and patients, particularly as there is evidence that a conser­
vative use of ultrasonic descaling could be an eﬀective method for removing 
loosely-bound toxins from the tooth surface[97]. 
1.7 Objectives 
Objectives of the project include the ability to: 
•	 identify the occurrence of cavitation around ultrasonic dental descaling 
instruments 
–	 characterise the occurrence of cavitation, if it exists 
–	 determine which tip designs and power settings lead to maximum 
cavitation activity, if any 
•	 devise a method to evaluate the cleaning eﬃciency of a descaler tip 
when used in a clinically-relevant setting 
–	 determine if increased cavitation activity leads to increased clean­
ing eﬃciency 
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Chapter 2 
Materials and methods 
2.1 Dental descaler temperature calibration 
A miniMaster Piezon descaler was provided by Electro Medical Systems, 
Nyon, Switzerland, and used for all dental descaler measurements. The 
descaler was supplied with three tips for evaluation, and identiﬁed as A, 
P and PS, as shown in Figure 1.9. All three tips are classiﬁed as general-
purpose designs to be used for most types of scale removal, although the 
thinner P and PS tips are designed to be used most eﬀectively in subgingival 
situations. The ultrasonic generator supplied with the descaler is adjustable 
over a range of ten power settings, labelled 1 to 10. However, the acoustic 
power output of the descaler at each power setting is not speciﬁed by the 
manufacturer, so calibration was necessary. A calorimetric method was used 
for calibration. 
A beaker containing 20 cm3 of freshly-drawn deionised water was placed 
on a bench. An electric heater—a wire-wound resistor—and thermocouple 
were inserted into the water. A descaler handpiece was held above the beaker 
with a retort stand and clamp, and lowered so as to just immerse the metal 
tip. The complete apparatus—shown diagrammatically in Figure 2.1—was 
allowed to equilibrate to room temperature, determine by no measurable 
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23.0 °C
Generator Power supply Thermocouple
readout
Figure 2.1: Diagram showing the apparatus for a dental descaler temperature 
calibration 
temperature change over the course of ten minutes. An initial measurement 
was performed, whereby the heater was switched on, with the voltage across it 
and current through it being measured on a digital multimeter. Temperature 
readings of the water by the thermocouple were recorded once per minute 
for eleven minutes. 
On completion of the electric heating measurement, the experiment was 
repeated with the heater switched oﬀ for the duration of the temperature 
measurements, and with the descaler activated at each of the ten available 
generator power settings. In order to keep the heat capacity of the system 
constant, the ‘dry mode’ of the generator was activated—preventing the in­
troduction of cooling water to the beaker—and the heater was held in the 
beaker—even though it was inactive. Each descaler tip design was tested in 
this manner, with the results presented in Section 3.1.2. 
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Figure 2.2: Synthesis of 2-hydroxyterephthalic acid from 2-bromoterephthalic 
acid 
2.2 Terephthalic acid dosimetry 
2.2.1 Synthesis of 2-hydroxyterephthalic acid (HTA) 
In order that a ﬂuorimeter may be calibrated for the use of the TA dosimeter, 
a known quantity of HTA is required. HTA is not available commercially, and 
so it was necessary to synthesise it from 2-bromoterephthalic acid, as shown 
in Figure 2.2. The synthesis was extracted from a method used by Field 
and Engelhardt, where HTA was an intermediate in the synthesis of mercap­
toterephthalic acids, formed by copper-catalysed displacement of bromine in 
2-bromoterephthalic acid[98, 99]. 
2-bromoterephthalic acid (2.5 g, 0.01 mol, 95%, Aldrich) and NaOH 
(0.8 g, 0.02 mol, 97%, Aldrich) were dissolved in 100 cm3 deionised water. 
NaOAc (1.8 g, 0.022 mol, 99%, Aldrich), Cu powder (0.015 g, 99%, Aldrich) 
and a few drops of phenolphthalein indicator solution (Aldrich) were added, 
and the mixture was stirred and heated to reﬂux. Aqueous 5% KOH (90%, 
Aldrich) was added occasionally, in order to keep the mixture basic (pink 
indicator colour). After reﬂuxing for 72 hours, the solution remained basic 
without addition of KOH solution, and the reﬂux was ended. The solu­
tion was then ﬁltered and acidiﬁed with 36.8% HCl (Fisher)—precipitating 
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a white solid—which was then washed with deionised water and vacuum ﬁl­
tered. The resulting solid was dried in an oven for 24 hours, before being 
fractionally recrystallised from NaOH (origin as above). 
Analysis of synthesised HTA 
In order to conﬁrm the identity of the HTA synthesis product, NMR and 
ﬂuorescence spectroscopy were used. 
Analysis of a sample of HTA by NMR was performed with deuterated 
DMSO solvent on a Bruker AV300 spectrometer. The spectra obtained 
matched with earlier spectra taken by Lenz, and the identity of HTA was 
conﬁrmed[100]. The H1 and C13 NMR are shown in the appendices as Fig­
ures A.1 and A.2. 
2.3 Fluorescence spectroscopy of TA 
A diagram of a ﬂuorescence spectrometer containing a sample of HTA is 
shown in Figure 2.3. Visible at top-left is the light source, which is typi­
cally a xenon arc lamp due to its relatively ﬂat output across a wide range of 
wavelengths. Light from the source is then passed though either a monochro­
mator or ﬁlter, in order to excite the sample at a chosen wavelength or range 
of wavelengths. The emission slit follows the emission ﬁlter, and through 
control of the slit width it is possible to further reﬁne the range of frequen­
cies that eventually reach the sample chamber, represented by the dashed 
grey box. 
The sample solution is contained within a cuvette located inside the sam­
ple chamber and placed in the path of the emission beam. The cuvette 
is often constructed from quartz in order to transmit wavelengths down to 
approximately 200 nm. The emission detector is located after the corre­
sponding emission slit and emission monochromator or ﬁlter, which serve 
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Emission ﬁlter
Figure 2.3: Diagram of a ﬂuorimeter containing a sample of hydroxytereph­
thalic acid, showing the path of light from the xenon arc lamp to the detector 
the same functions as the excitation slit and ﬁlter. The detector arrange­
ment is positioned perpendicular to the emitting light beam so as to only 
receive ﬂuorescence from the sample, rather than the straight-through exci­
tation beam. 
It is possible to monitor the concentration of HTA in a solution, knowing 
that it ﬂuoresces strongly, emitting light at 425 nm when excited by light of 
wavelength 315 nm. As TA does not ﬂuoresce at or around these ranges of 
wavelengths, it is possible to use ﬂuorescence spectroscopy of a solution of 
sonicated TA in order to determine the amount of cavitation that occurred 
during the insonation procedure, knowing that the yield of HTA from TA 
and OH radicals in air-saturated solutions is 35%[62]. 
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2.3.1 Fluorescence spectroscopy calibration 
A Perkin Elmer 4300 ﬂuorimeter was used for the analysis of synthesised 
samples of HTA. This was necessary to further ensure the identity of HTA, 
and test the dependence of ﬂuorescence upon concentration so as to provide 
a calibration plot. This information could then be used—with sonicated 
samples of TA—to analyse the conversion of TA to HTA, and in turn to 
quantify the cavitation activity of each ultrasonic descaler tip. 
The excitation wavelength was set to 310 nm, and the monitored emission 
wavelength was 425 nm. The excitation slit width—controlling the intensity 
of radiation reaching the sample—was set to 5 nm and the emission slit 
width—controlling the amount of ﬂuorescent light reaching the detector— 
was set to 2.5 nm. 
The optimum concentration of TA for ﬂuorimetric dosimetry measure­
ments has been found to be 0.002 mol dm−3[100]. The solution must be 
alkaline in order to dissolve the dicarboxylic acid, and this was achieved with 
0.005 mol dm−3 NaOH. Buﬀering of the solution is required to keep its pH 
in the range 6-11. Between these values, ﬂuorescence of the resulting HTA 
does not vary signiﬁcantly[101]. A pH 7 phosphate buﬀer solution was used 
for this purpose—a concentration of 25 cm3 per dm−3 of TA solution was 
used. 
In order to calibrate the ﬂuorimeter, an HTA solution was prepared, 
including NaOH and phosphate buﬀer of the same concentration as for the 
TA solution mentioned above. A 3.5 cm3 aliquot of the solution was placed 
in a quartz cuvette, which was in turn placed in the excitation beam of the 
ﬂuorimeter. While the ﬂuorescence was initially too strong to be recorded 
by the sensitive detector, successive dilutions of the solution brought the 
ﬂuorescence intensity within the detectable range, establishing an upper limit 
of detection at 1x10−5 mol dm−3 HTA. Successively more sensitive dilutions 
were then used to obtain the calibration plot. The results are shown in 
Section 3.1.3. 
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Generator Lightproof box
Figure 2.4: Direct immersion ultrasound apparatus. 6.5 µm represents a 
medium power setting 
2.3.2 Direct immersion ultrasound apparatus 
The response of the terephthalate dosimeter was tested by sonication with 
a Sonic Systems direct immersion ultrasound horn set to a medium power 
setting, marked as 6.5 µm ‘peak to peak’. A diagram of the apparatus is 
shown in Figure 2.4. The tip of the ultrasound horn was immersed in a glass 
jacket containing 50 cm3 of TA solution, made up as speciﬁed in Section 2.3.1. 
Tap water was circulated around the jacket in order to control the solution 
temperature at 298.15 K. The entire apparatus was enclosed in a light-proof 
box, in order to eliminate the possibility that TiO2 on the surface of the tip 
could photocatalyse hydroxyl radicals from water, potentially reacting with 
the TA to form HTA and skewing the result. 
An initial ﬂuorescence measurement was recorded by extracting a 3.5 cm3 
aliquot of the TA solution from the beaker and placing it within a quartz 
cuvette in the excitation beam of a Perkin Elmer 4300 ﬂuorimeter. This was 
used as an initial zero calibration. In order that the same volume of solution 
was maintained throughout the course of the experiment, the aliquot was 
returned to the beaker after the ﬂuorescence measurement had been recorded. 
The solution was sonicated for 10 minute intervals—up to 120 minutes—with 
ﬂuorescence measurements recorded at each interval. The entire procedure 
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Figure 2.5: Diagram showing the apparatus for terephthalic acid dosimetry 
was repeated twice—with fresh TA solution each time—in order to obtain a 
mean ﬂuorescence. 
The results are shown in Section 3.1.3. 
2.3.3 TA dosimetry of dental descaler tips 
With the ﬂuorescence calibration performed as in Section 2.3.1, TA dosime­
try could be performed on the ‘A’, ‘P’ and ‘PS’ dental descaler tips. For 
this procedure, the descaler was set to maximum generator power (10/10) 
in “dry mode”. The temperature calibration measurements recorded in Sec­
tion 2.1 showed that for all tips the maximum power setting irradiated the 
solution with the greatest energy, so this setting seemed sensible for initial 
TA dosimetry investigations. 
A quartz cuvette was ﬁlled with 3.5 cm3 of TA solution—as prepared in 
Section 2.3.1—and held in place with a retort stand and clamp. A descaler 
tip was immersed in the cuvette, and held in place with a retort stand and 
clamp—with care taken to ensure that the tip did not contact the walls of 
the cuvette. A diagram of the apparatus is shown in Figure 2.5. The solution 
was sonicated for one minute, before the quartz cuvette was removed from 
the clamp and placed in the path of the excitation beam of a ﬂuorimeter. 
The ﬂuorescence of the solution was measured and recorded. The proce­
dure was repeated for two, three, four and ﬁve minute intervals—with fresh 
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TA solution being used for each measurement—and after the quartz cuvette 
had been thoroughly cleaned with deionised water. The procedure was then 
repeated, after changing the descaler tip, until all three designs had been 
tested. 
Additionally, each tip was tested a second time, while being held in con­
tact with a section of glass microscope slide held against the inside of the 
cuvette. This was used to simulate the hardness of tooth enamel, as the tip 
would contact during clinical use. Solid polystyrene sheet was also tested, 
but it proved too weak after being cut by each descaler tip. 
The results of the TA dosimetry on the three dental tips are presented in 
Section 3.1.3. 
2.4	 High speed videography of descaler oper­
ation 
All high-speed videography was performed with the assistance of Dr. Robert 
Mettin at the Drittes Physikalisches Institut, Universita¨t Go¨ttingen, Ger­
many. 
There have been numerous studies of the structure of cavitation bubble 
ﬁelds for plate and horn transducers, but few for dental descalers[102]. In or­
der to direct further studies into the location of cavitation occurring around 
dental descalers, high-speed video recordings were taken during descaler op­
eration. 
A 15×15×10 cm glass container was ﬁlled with freshly-drawn tap water, 
and placed in the line of sight of a Fastcam APX RS high-speed video camera 
from Photron Europe Limited, The Barn, Bottom Road, West Wycombe, 
Bucks., United Kingdom. The camera was set to the maximum framerate of 
30,000 frames per second, giving an imaging area of 256×256 pixels. While it 
would have been preferable to have a sampling rate signiﬁcantly greater than 
that of the driving frequency of the descaler generator, to reduce potential 
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Figure 2.6: Diagram of the apparatus for high-speed videography of descaler 
tips 
aliasing eﬀects in video recording, this was not possible with the equipment 
used. A Nikon AF-Nikkor 50 mm 1:1.4 D lens was mounted to the front of 
the video camera. A descaler tip was then immersed in the water up to the 
handpiece, and held in place with a retort stand and clamp. The tip was held 
with an orientation whereby the side of the tip was parallel to the sensor of 
the video camera. The lens was manually focused at the descaler tip, with 
a depth of ﬁeld that extended to encompass the complete tip when viewed 
from any orientation. The image area was approximately 2.5 × 2.5 cm. 
A halogen lamp (Sunnex 13830) was used as an illumination source, and 
placed in the line of sight of the video camera, approximately 10 cm behind 
the glass container. A section of ground glass approximately 8 × 8 cm in 
area was held with a retort stand and clamp, and placed between the lamp 
and the glass container, so as to present a diﬀuse light source to the video 
camera. A diagram of the apparatus is shown in Figure 2.6. 
The descaler generator was set to maximum power (10/10), ultrasound 
was activated, and 1000 frames of video were recorded. The procedure was 
repeated with fresh water and a face-on and back-on orientation of the tip to 
the video camera, so as to spatially resolve any cavitation occurring around 
the whole tip. The descaler tip was then changed until ‘A’, ‘P’ and ‘PS’ tip 
videos had been recorded. A further set of recordings was made by replacing 
the halogen lamp with an LED (Avago Technologies HLMP-3401), set to 
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pulse at a sinusoidal frequency of 30,000 Hz (approximately the same as 
that of the descaler generator), and synchronised with the framerate of the 
video camera via a trigger connected from the video camera to the signal 
generator driving the LED. As the brightness of the LED was less than 
that of the halogen lamp—due in part to the brightness of the LED and 
additionally to the pulse frequency—a wider aperture was required for the 
video camera lens, leading to a signiﬁcantly shallower depth of ﬁeld, that 
extended approximately 1 mm either side of the focus point. Thus, the front 
and rear of the tip were not simultaneously in focus. More accurate focus 
was not achievable, given the required magniﬁcation factor. 
Results are presented in Section 3.1.4. 
2.5 Luminol mapping of dental descaler tips 
Luminol was ﬁrst used as a detector of acoustic cavitation by Harvey[103] and 
later reﬁned by Negishi[104]. The technique was later brought to prominence 
by Crum and Fowlkes in 1986[105]. In most studies, the presence of luminol 
is designed to lower the visible threshold of cavitation activity so that it may 
be more readily recorded, and it is often possible to observe luminescence of 
the sonicated solution with only the naked eye. Using the enhancement of 
luminescent output, luminol has been used to experimentally determine the 
speed of sound in aqueous solutions by observation of the sound ﬁeld within 
a cylindrical container[106]. 
A mechanistic study of luminol solution under ultrasonic insonation was 
undertaken by McMurray and Wilson in 1999, and determined that reaction 
of the dissolved luminol with hydroxyl and dioxygen radicals formed during 
cavitation bubble collapse forms an excited-state aminophthalate anion[78]. 
The anion relaxes to the ground state via a series of further reactions, with 
emission of light with a peak intensity at a wavelength of around 430 nm, as 
shown in Figure 1.7. 
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2.5.1 Luminol solution composition 
The mechanistic study of luminol mentioned above gave a solution composi­
tion that produced maximal levels of sonochemiluminescence together with 
minimal levels of background luminescence. That solution comprised a lumi­
nol concentration of 1 × 10−3 mol dm−3, an ethylenediaminetetraacetic acid 
(EDTA) concentration of 1×10−4 mol dm−3, a hydrogen peroxide concentra­
tion of 1 × 10−4 mol dm−3, a Na2HPO4 concentration of 1 × 10−1 mol dm−3 
and a pH of 12. Concentrated NaOH solution was added to adjust the pH. 
The role of the EDTA is to chelate to any transition metal contaminants 
in the solution, and has the eﬀect of decreasing the background lumines­
cence when no acoustic ﬁeld is applied. The hydrogen peroxide serves as a 
seed for intermediates in the reactions leading to luminol luminescence. The 
Na2HPO4 acts as a pH buﬀer. 
As the optimum composition for analysis of the chemical species produced 
via cavitation bubble collapse, this solution was used for all luminol mapping 
studies in this work. 
2.5.2 Luminescence imaging devices 
Two diﬀerent imaging devices were used throughout the recording of lumi­
nescence measurements: an Artemis CCD astronomical camera and a Canon 
EOS 30D digital SLR camera. 
Artemis CCD 
An Artemis CCD astronomical camera was used with a 35 mm focal length 
lens capable of an f/2.8 aperture. The imaging sensor in this camera is the 
ICX285AL, a low-light CCD manufactured by Sony. The imaging resolu­
tion of this device is 1392 × 1040 pixels (1.4 megapixels), and it exclusively 
measures light intensity–no colour information is recorded. 
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While the CCD used in the Artemis camera has an improved signal to 
noise ratio than that of many consumer digital cameras, it is somewhat sus­
ceptible to readout noise–a streaking eﬀect that is a limitation of the CCD 
design. It is possible to reduce the eﬀect by recording a ‘dark frame’ im­
age, preventing light from reaching the imaging sensor and thereby solely 
recording readout noise. This dark frame can then be subtracted from the 
experimental image to produce a ﬁnal image with a further improved signal 
to noise ratio. 
Canon EOS 30D 
The Canon EOS 30D is a consumer digital single-lens reﬂex (SLR) cam­
era with a complementary-symmetry/metal-oxide semiconductor, CMOS, 
imaging sensor. The CMOS sensor has a resolution of 3504 × 2336 pix­
els (8.2 megapixels)—substantially more than that of the ICX285AL sensor 
used in the Artemis CCD camera—which allows more detailed imaging. The 
use of a CMOS sensor leads to better noise characteristics, as there is little 
in the way of readout noise, in sharp comparison to a CCD. 
A Canon EF 100 mm f/2.8 Macro lens was used with the 30D and set to 
1:1 magniﬁcation, giving an imaging area of approximately 22.7 × 15.1 mm– 
the same as that of the CMOS sensor. The light sensitivity was set to 
ISO 3200 and a 30-second exposure was selected, half that of the Artemis 
CCD due to the increased light sensitivity of the CMOS sensor. Mirror lock­
up mode was enabled to reduce vibration during the release of the focal-plane 
shutter. The camera performs its own dark frame subtraction automatically, 
so during this step no intervention was required. The 30D is more conve­
nient than the Artemis CCD, as it has an automatic focus system as well as 
automatic timer and other features not found in the Artemis camera. 
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2.5.3 Unloaded measurements 
In order to study cavitation occurrence around ultrasonic dental descaler tips, 
the tips were operated in luminol solution with no additional load applied, 
beyond that of the pressure from the surrounding liquid. These conditions are 
likely similar to those of a descaler tip operating in a pocket of liquid adjacent 
to a tooth. The eﬀect of loading on cavitation occurrence is discussed in 
Section 2.5.5. 
A small glass container with ﬂat faces was constructed, so as to reduce 
lensing by the glass when placed in the line of sight of an imaging device. A 
20 cm3 volume of luminol solution—freshly made up as in Section 2.5.1—was 
added to the glass container. 
A descaler tip was then immersed in the solution up to the handpiece, 
and held in place with a retort stand and clamp. The tip was held with 
an orientation whereby the side of the tip was parallel to the sensor of the 
Artemis CCD camera. The lens was manually focused at the descaler tip, 
which was made diﬃcult by the shallow depth of ﬁeld, caused by the wide 
aperture being used in order to admit a large amount of light to the imaging 
sensor. The depth of ﬁeld extended approximately 2 mm either side of the 
tip at the focus distance used to ﬁll a large portion of the frame with the 
descaler tip. 
Once accurate focus was achieved, the apparatus was placed in a sealed 
lightproof box that was painted black inside and out, as shown in Figure 2.7. 
A dark frame measurement was recorded for 60 seconds, with no applied 
ultrasound. The descaler generator was then set to maximum power (10/10) 
and light was recorded for 60 seconds with ultrasound applied. 
The procedure was repeated with fresh luminol solution and a face-on 
and back-on orientation of the tip to the camera, so as to spatially resolve 
cavitation around the whole tip. The descaler tip was then changed until ‘A’, 
‘P’ and ‘PS’ tip luminescence had been recorded. The dark frame images were 
subtracted from the captured images—in order to reduce thermal noise as 
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Generator Camera
Figure 2.7: Diagram showing the apparatus for unloaded luminol mapping 
well as CCD readout noise—using ImageJ[107]. The raw image ﬁles produced 
by the CCD camera software were converted to PNG format for later storage. 
Canon EOS 30D 
The procedure for studying the luminescence output of luminol solutions 
around descaler tips with the Canon EOS 30D camera was identical to that of 
the Artemis CCD described in Section 2.5.3, except for the choice of imaging 
device and the exposure time—30 seconds instead of 60 seconds. The camera 
was set up as in Section 2.5.2, in place of the Artemis CCD. 
2.5.4 In-air luminol mapping 
When a descaler is applied clinically, it is normally used with the addition 
of a cooling solution that is forced through an opening in the tip, in order to 
cool the transducer of the instrument. As the solution ﬂows over and oﬀ of 
the oscillating tip, it is dispersed into a ﬁne spray, which is of concern due 
to the dispersal of biological contaminants[108]. The cooling solution has a 
secondary purpose as a decontaminant, and the presence of cavitation in the 
cooling solution may improve the eﬀectiveness of decontamination. 
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Generator Camera
Figure 2.8: Diagram showing the apparatus for in-air luminol mapping 
In order to test for the occurrence of cavitation in the cooling water as 
it ﬂows over the tip, the descaler cooling reservoir was ﬁlled with luminol 
solution, freshly made up as in Section 2.5.1. A descaler handpiece was held 
vertically with a retort stand and clamp, and a descaler tip was attached to it. 
A Canon EOS 30D camera was brought within range of the descaler tip, and 
focused to the maximum reproduction ratio of 1:1, with the tip presenting a 
side-on orientation to the camera. The entire apparatus was placed within a 
light-proof box, and is shown diagrammatically in Figure 2.8 
The descaler generator was set to maximum power (10/10) and the solu­
tion ﬂow rate was set to maximum, corresponding to a rate of 65 ml min−1 . 
The descaler was activated for 30 seconds, during which the camera was set 
to gather light. The procedure was repeated—with fresh luminol solution 
used for each measurement—for each of the other descaler tips, until all 
three designs had been tested in side-on, face-on and back-on orientations to 
the camera. 
Results are presented in Section 3.2.2 
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2.5.5 Loaded measurements 
Clinical application of a descaler involves contacting the tip against a tooth, 
so as to apply a load at the free end of the tip that is orthogonal to the 
direction of vibration. To replicate this behaviour in vitro, similar apparatus 
to the unloaded luminol mapping measurements—as in Section 2.5.3—was 
used, with the addition of a ‘load cell’ to measure the applied load on the 
tip. 
A plastic container was constructed so as to have ﬂat sides, and a large 
enough internal volume to contain a descaler tip, 50 cm3 luminol solution— 
made up as in Section 2.5.1—and a freshly-prepared extracted molar tooth 
contained in approximately 1 cm thickness of resin, which was a combination 
of Epoxicure resin and Epoxide hardener mixed in a ratio of 5:1, supplied by 
Buehler GmbH, Du¨sseldorf, Germany. 
A load cell, Model 13 low proﬁle compression type, supplied by Sensotec, 
Colombus, OH, USA, was calibrated with zero, 1 N and 2 N loads, which 
were chosen as they ﬁt well with other studies from the literature[109, 110]. 
A tooth encased in resin was glued into the constructed plastic container— 
facing into the container—so as to present the tooth for loading along the 
longest ﬂat face of the container. 50 cm3 of fresh luminol solution was added 
to the container, which was then placed atop a platform attached to the load 
cell. A descaler handpiece was lowered into the luminol solution until the 
descaler tip that was attached to it was fully immersed, and held in place 
with a retort stand and clamp. The position of the descaler tip was adjusted 
so as to hold the free end of the tip directly in front of the intended contact 
point on the tooth surface. The Artemis CCD camera was placed within 
sight of the descaler tip, with the tooth visible behind the tip. The descaler 
tip was brought into focus manually. The apparatus as described is shown 
diagrammatically in Figure 2.9. A schematic of the orientation of the descaler 
tip to the tooth surface, at an angle of approximately 10 degrees, is shown 
in Figure 2.10. 
The entire apparatus was placed in a light-proof room, and the descaler 
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Figure 2.9: Diagram of apparatus for loaded luminol mapping experiment

Side view Front view
Figure 2.10: Schematic diagram of the orientation of the descaler to to the 
tooth during loaded luminol mapping experiments 
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generator was set to minimum power (1/10). The solution was sonicated 
for 60 seconds, during which the CCD camera was set to gather light. The 
procedure was repeated—with fresh luminol solution being used each time— 
at applied loads against the tip of 1 N and 2 N, before also being repeated 
with generator power settings 3/10, 5/10, 7/10 and 10/10. Each tip design 
was tested in this manner in turn, until all three designs had been tested. 
Results are presented in Section 3.2.3 
2.6 Scanning laser vibrometry 
All scanning laser vibrometry measurements were performed by Bernhard 
Felver at the University of Birmingham. 
2.6.1 Unloaded measurements 
Scanning laser vibrometry—SLV—has been successfully used to analyse the 
vibrational motion of ultrasonic descaler tips[110]. A typical vibrometer is a 
two beam laser interferometer, that measures the phase diﬀerence between a 
frequency-shifted reference beam and a test beam. A diagram illustrating a 
common design of laser vibrometer is shown in Figure 2.11. The laser beam 
is divided into a reference beam and a test beam with a beam splitter, before 
the reference beam is passed through a Bragg cell to add a known frequency 
shift, which serves as a carrier frequency in the frequency-modulated signal 
that reaches the photodetector∗. The test beam is then directed to the target 
surface, where it reﬂects with a Doppler shift that corresponds to the velocity 
of the target with respect to the laser emitter. Meanwhile, the reference beam 
∗The reasoning for adding a frequency shift is to lower the optical frequency arriving 
at the photo detector to one that is feasible for current electronic circuits to process. 
The frequency band produced by the interfering test and reference beam is signiﬁcantly 
narrower than any colour ﬁlter currently available, allowing precision measurements of 
phase and frequency of the test beam compared to the reference beam, as is required by 
SLV. 
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Figure 2.11: Diagram of a typical laser vibrometer apparatus 
is directed towards a photo detector, together with the reﬂected beam from 
the target. The detector is not sensitive to the very high frequency of the 
source laser light, but is sensitive to the much lower interference frequency 
between the two beams. The output of the photo detector, composed of the 
carrier frequency of the reference beam and the Doppler-shifted modulation 
frequency test beam, can be demodulated and subjected to further signal 
analysis to remove the Bragg cell frequency component and obtain the veloc­
ity of the target surface. A scanning laser vibrometer additionally scans the 
test beam across a target surface, making it possible to obtain the velocity 
of diﬀerent regions of the surface during an experiment. 
The vibrational motion of each tip was characterised by SLV as described 
by Lea et al.[111]. A descaler tip was held in place with a retort stand and 
clamp so that it was immersed up to the handpiece in a water bath. Care 
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Figure 2.12: Example of scan points layout for laser vibrometry, ‘P’ tip 
was taken to ensure that the position was reproducible between diﬀerent 
experiments. The SLV system was a PSV 300-F/S from Polytec GmbH, 
Polytec-Platz, Waldbronn, Germany and used a class II, He-Ne laser, oper­
ating at 632.8 nm. The motion in the plane of the tip was measured; any 
lateral motion is not reported here. It has been measured and is signiﬁcantly 
smaller than the longitudinal vibration, which is commonly used as a measure 
of the performance or output of the descaler tip[112]. 
A number of equally-spaced scan points were chosen along the length 
of each tip—from the free end to as close to the handpiece as could be 
measured—as in Figure 2.12. Variations in the length and curvature of each 
tip led to diﬀerences in the distance between scan points, such that the 
inter-point distance was 0.55 mm for the ‘A’ tip, 0.44 mm for the ‘P’ tip and 
0.55 mm for the ‘PS’ tip, and the number of scan points was 17 for the ‘A’ 
tip, 23 for the ‘P’ tip and 19 for the ‘PS’ tip. The maximum displacement of 
the tip at each scan point was measured and the average of ten cycles was 
recorded for each tip, at each power setting. 
Results are presented in Section 3.3.1. 
2.7 Loaded measurements 
Scanning laser vibrometry was also used to characterise the motion of descaler 
tips when under load. The vibrometer apparatus was the same as that from 
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Section 2.6. A descaler tip was held in place with a retort stand and clamp, 
so that it was immersed up to the handpiece in a water bath. The position of 
the descaler tip was adjusted so as to hold the free end of the tip directly in 
front of the intended contact point on the tooth surface, as viewed from the 
SLV. A number of equally-spaced scan points were chosen along the length 
of the tip, such that the inter-point distance was 0.55 mm, with 17 points. 
The descaler generator was set to minimum power (1/10) and the maximum 
displacement of the tip at each point was measured, with the average of 
ten cycles recorded. The procedure was repeated at applied loads of 1 N 
and 2 N, before also being repeated with generator power settings 5/10 and 
10/10. Each tip design was tested in this manner in turn, until both the ‘A’ 
and ‘P’ tip designs had been tested. 
Results are presented in Section 3.3.2. 
2.8 NPL ‘Cavimeter’ 
The ‘Cavimeter’ is a device that was recently developed by the National 
Physical Laboratory, NPL[80, 81, 113] in order to analyse the acoustic output 
from ultrasonic transducers in solution. The cavitation sensor consists of a 
strip of piezoelectric polymer ﬁlm—acting as a passive acoustic receiver— 
embedded in a polyurethane cylinder of 4 mm thickness and 30 mm internal 
diameter. The outer polyurethane layer shields the acoustically-sensitive 
inner layer of the cylinder from externally-generated acoustic signals. 
The signal produced by the cavitation sensor is integrated over a two 
second period by the ‘Cavimeter’ monitor and analysed in three ways: 
•	 the “direct ﬁeld” value correlates the response at the fundamental driv­
ing frequency—in this case approximately 30 kHz—arising from the 
source as well as linearly oscillating bubbles[114] 
•	 the “subharmonic” measurement is recorded at frequencies of one half 
and one quarter of the fundamental, that are indicative of the onset of 
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Figure 2.13: Diagram of ‘Cavimeter’ apparatus 
transient cavitation[115], occurring when a cavitation bubble of twice 
the resonant size is excited, or when a bubble takes greater than a 
single acoustic period to reach critical size prior to collapse[116] or 
arising from cluster eﬀects[117, 118] 
•	 the “cavitation” signal also quantiﬁes this type of cavitation, by mea­
suring emission at high frequencies between 1.5 and 5 MHz, which arise 
from shock waves emitted by the collapse of transient bubbles, although 
stable cavitation can also give signals in this region[119] 
2.8.1 ‘Cavimeter’ study of dental descaler tips 
The procedure for the study of descaler tips with the ‘Cavimeter’ was similar 
to that of the temperature calibration in Section 3.1.2, as no light-proof box 
was required, in comparison to the luminol mapping measurements. The 
‘Cavimeter’ sensor was placed in a glass beaker, which was then ﬁlled with 
50 cm3 of freshly-drawn deionised water and allowed to wet for 24 hours. 
A descaler tip was immersed in the water, to a point where the top and 
bottom of the exposed tip were equidistant from the top and bottom of the 
sensor, with the handpiece being aligned parallel to the cylindrical axis of 
the sensor. The ‘Cavimeter’ monitor was attached to the sensor, and the 
apparatus appeared as in Figure 2.13. 
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The zero levels on the ‘Cavimeter’ were set and the descaler generator was 
activated for approximately ten seconds, until the monitor readings were 
stable. An average of three successive readings of the “direct ﬁeld” and 
“cavitation” measurements were recorded. The procedure was repeated for 
each generator power setting, before each of the remaining two descaler tip 
designs were tested. 
The results are presented in Section 3.4. 
2.9 Surface erosion 
There is no standardised way for measuring the cleaning eﬃciency of a 
descaler acting on a tooth. There are, however, many studies in the lit­
erature that attempt to quantify the cleaning eﬀects of a descaler[86, 97, 97, 
1, 84, 120], but the results are often unsatisfactory, as they rely on the use 
of treated extracted human teeth, an inherently variable resource, or simply 
ignore the possible beneﬁcial eﬀects of cavitation on cleaning[92]. 
The principal mineral component of tooth enamel, dentine, dental calcu­
lus (tartar) and bone is hydroxyapatite, Ca10(PO4)6(OH)2. The material is 
widely used in orthopaedic surgery for ﬁlling bone cavities and replacement 
of bone lost during trauma and tumour removal[121]. The material proper­
ties of hydroxyapatite are similar to tooth enamel, and it can be produced 
in batches which have uniform properties, making it a good substitute for 
extracted human teeth in studies of erosion and cleaning eﬃciency. 
As well as simulating erosion of a tooth surface, it is also possible to stain 
an existing surface to study potential cleaning eﬀects. Creating a replica of 
dental calculus is diﬃcult, as even though the principal mineral component 
is again hydroxyapatite, the process of attachment of calculus to the tooth 
surface is principally biological in nature, and diﬃcult to reproduce. 
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2.9.1 Surface contact proﬁlometry 
All hydroxyapatite pellets were made by Dr. Yu-Hsiu Hsu in the Department 
of Mechanical Engineering, University of Bath. 
Contact proﬁlometry is a technique to measure the proﬁle of a surface via 
contact with a diamond stylus. The stylus tip radius ranges from approx­
imately 20 nm–25 µm and can typically measure vertical height diﬀerences 
of between 10 nm and 1 mm. The measurement process involves vertical 
movement of the stylus to bring it in contact with a surface, followed by 
horizontal movement of the surface to record a linear proﬁle. The stylus is 
held in contact with the surface with a speciﬁed contact ‘force’ of between 
1–50 mg, which can be adjusted depending on the hardness of the material 
under observation. A greater contact force has the advantage of being able to 
more accurately measure large changes in surface height, but can also deform 
the surface if the material is too soft. 
In clinical usage, dental descalers are used in contact mode, being pressed 
against the tooth while operating at ultrasonic frequencies in order to dis­
lodge calculus from the tooth surface. This method assumes a primarily 
physical debridement process, and is also applicable to traditional hand in­
strumentation and sonic descaler operation. 
A hydroxyapatite pellet of 1 cm diameter was held in place with a retort 
stand and clamp. A cuboid glass vessel of approximate dimensions 10 × 
10 × 30 cm was placed in position so as to surround the pellet, and ﬁlled 
with freshly-drawn deionised water so as to submerse the pellet. A descaler 
handpiece was lowered into the water until the descaler tip attached to it was 
fully-immersed and in contact with the centre of the hydroxyapatite pellet. 
Care was taken to make contact between the descaler tip and pellet at the 
point of most intense luminescence—approximately halfway along the tip— 
as shown in Section 3.2. This was done so as to achieve the maximum eﬀect 
from cavitation from the descaler tip. A schematic of the orientation of the 
tip to the pellet is shown in Figure 2.14. 
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Front view 1 mm distance Contact
Figure 2.14: Schematic diagram of descaler tips oriented towards hydroxya­
patite pellets for erosion measurements 
The descaler generator was set to maximum power—10/10—and ultra­
sound was applied for 15 minutes†. The procedure was repeated with a new 
pellet, fresh water and the tip placed in the same orientation, but at a dis­
tance of 1 mm from the pellet surface. A control pellet was immersed in fresh 
water for 15 minutes, with no ultrasound applied. The pellets were allowed 
to dry completely before transfer to a clean-room environment for surface 
contact proﬁlometry measurements. 
Contact proﬁlometry was performed with a Dektak 6M proﬁlometer, sup­
plied by Veeco Instruments Ltd., Cambridge, UK. A hydroxyapatite pellet 
was placed ﬂat on the measurement platform inside the proﬁlometer and 
brought within range of the stylus. The stylus was drawn across the surface 
and the surface proﬁle recorded to a ﬁle, which was then converted to a us­
able format by processing with GNU sed (see Section A.5.1 for more details). 
The procedure was repeated for each pellet in turn, in the central region and 
at a distance of several millimetres away from the central region. A diagram 
illustrating the proﬁlometer apparatus is shown in Figure 2.15 
The results are presented in Section 3.5.1. 
†Although the clinical exposure for a tooth surface is up to around 30 seconds, a 
signiﬁcantly longer duration was chosen as it was anticipated that non-contact experiments 
would show signiﬁcantly less erosion than measurements with the tip in contact with the 
sample. 
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Data recorder Measurement platform
Stylus
Pellet
Figure 2.15: Diagram of surface proﬁlometer apparatus 
2.10 Erosion of stained surfaces 
The cleaning and erosive properties of ultrasonic ﬁelds in liquids are well 
known, and both are thought to derive from the same phenomena: asym­
metric cavitation bubble collapse near a surface, leading to the impact of 
a high-speed jet. This has been studied by observation of the collapse of 
laser-induced cavitation bubbles near a surface[122], as well as by high-speed 
videography of the erosion process in multi-bubble systems[123]. In the ﬁeld 
of dental descalers, there have been many diﬀerent studies that attempt to 
assess the erosive capability of descalers, with techniques involving the re­
moval of a sputtered aluminium coating from a surface[92], and by SEM 
analysis of eroded human tooth root surfaces[3]. 
A technique was devised to study the erosive properties of an ultrasonic 
descaler, with speciﬁc emphasis on the diﬀerences between the contact and 
cavitation erosion pathways. The technique involves coating a glass micro­
scope slide with a layer of water-safe black ink and then studying transmission 
through the ink ﬁlm after exposure to an operating ultrasonic descaler. 
2.10.1 Densitometry 
A cuboid glass vessel of approximate dimensions 10 × 10 × 30 cm was ﬁlled 
with freshly-drawn deionised water and placed in position so as to immerse 
a descaler tip, which was held in place with a retort stand and clamp. The 
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Figure 2.16: Diagram of stained surface erosion apparatus 
central portion of a glass microscope slide was coated on one side only, with 
two layers of water-safe black ink from a permanent marker, and allowed to 
dry. The slide was placed in front of a sheet of plain white paper, oriented 
face-on to a Leica M8 digital camera and Leica 90 mm f/4 Macro-Elmar-M 
lens set to maximum magniﬁcation, and photographed. Thick black adhesive 
tape was attached to the end of the slide, which was then held with a retort 
stand and clamp, and brought into contact with the side of the free end of 
the descaler tip, such that the point at which the tip contacted the slide was 
covered in a ﬁlm of black ink. A diagram of the apparatus is illustrated in 
Figure 2.16. The descaler generator was set to 10/10 power and activated 
for 5 minutes. 
The procedure was repeated with the descaler tip contacting the micro­
scope slide approximately halfway along the side of the tip. The procedure 
was then repeated until all three descaler tips under investigation had been 
measured, before being repeated once more for each tip and orientation, this 
time with the tip placed at a closest distance of 1 mm from the microscope 
slide. The resulting microscope slides were then placed face-on to the Leica 
M8 camera and lens, and photographed. 
Results are presented in Section 3.5.2. 
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Chapter 3 
Results 
3.1 Preliminary testing and calibration 
In order to study the location of cavitation around a dental descaling in­
strument, it was ﬁrst necessary to test the basic operating parameters of the 
descaler generator and tips in question. This was possible by measurement 
of the thermal output of an electric heater, and comparison with the output 
from an operating descaler. For comparison with other studies, the intensity 
of acoustic power output was calculated. 
It was also necessary to conﬁrm the occurrence (or otherwise) of cavitation 
around an operating descaler tip, in order to eliminate the possibility that 
only magnetorestrictively-driven descalers were capable of producing cavita­
tion, as this was the extent of knowledge before this study[2]. The technique 
of terephthalic acid dosimetry was used for this purpose, and compared with 
dosimetry measurements from a direct immersion ultrasonic horn. The eﬀect 
on cavitation activity of contacting the operating tip against a hard surface 
was quantiﬁed, in order to simulate the clinical operating conditions of a 
descaler instrument. 
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Table 3.1: Estimated lengths of ‘A’, ‘P’ and ‘PS’ dental tips

Tip Length along measurement line/mm Length along tip/mm 
A 12.3 13.0 
P 15.2 16.1 
PS 17.1 18.4 
5 mm
A P PS
Figure 3.1: Scale diagram showing the length and curvature of each descaler 
tip 
3.1.1 Dimensions of dental descaler tips 
The dimensions of each dental tip were measured and are shown side-on in 
Figure 3.1 and tabulated in Table 3.1. The lines drawn as a tangent to each 
tip indicate the measurement lines used for laser vibrometry measurements, 
presented in Sections 3.3.1 and 3.3.2. 
Area estimation of dental descaler tips 
The area of each dental tip was calculated from 1:1 macro photography, 
together with high magniﬁcation analysis with the ‘Measure’ tool of The 
GIMP[124], to compare dimensions with an object of known length. The 
results are shown in Table 3.2. As the tip area is not a plane perpendicular 
to the motion of the transducer, two sets of areas are provided: one with the 
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Table 3.2: Estimated areas of ‘A’, ‘P’ and ‘PS’ dental tips

Tip Area excluding sides/cm2 Total area/cm2 
A 0.26 0.31 
P 0.38 0.45 
PS 0.23 0.31 
Figure 3.2: Diagram showing the regions used in estimating the areas of 
dental tips, with the side area at right 
side regions excluded and one with the total tip area. A diagram illustrating 
the areas included in the estimation is shown in Figure 3.2. 
3.1.2 Dental descaler temperature calibration 
The temperature rise against the sonication time is for the ‘A’, ‘P’ and ‘PS’ 
tips is presented graphically in Figures 3.3, 3.4 and 3.5. For experimental 
details, see Section 2.1. 
Examination of the plots shows that temperature rise is initially rapid and 
linear, until approximately 3–4 minutes of sonication have occurred. There­
after, temperature rise per unit time becomes progressively less. Therefore, 
only measurements of temperature of up to four minutes will be considered 
for purposes of calculation, as heat losses to the surroundings would otherwise 
give rise to inconsistent results. Regression lines to indicate this linearity are 
shown for the ﬁrst four minutes of each of the series. 
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Figure 3.3: ‘A’ tip temperature calibration plot, with heater curve included 
Descaler temperature calibration, ‘P’ tip 
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Figure 3.4: ‘P’ tip temperature calibration plot, with heater curve included
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Descaler temperature calibration, ‘PS’ tip 
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Figure 3.5: ‘PS’ tip temperature calibration plot, with heater curve included 
Further examination shows that for some conﬁgurations, an increase in 
power setting corresponds to a decrease in the rate of temperature rise. 
The reason for this apparent discrepancy in output power is unknown, but 
it is possible that the internal design of the ultrasonic generator or the 
use of pulses of ultrasound—rather than a continuous wave, modulated in 
amplitude—is responsible, to simulate changes in output power. Later ex­
periments with high-speed videography showed variability of tip output even 
at the same power setting, albeit over periods of tens of acoustic cycles3.1.4. 
It is also possible to see a sharp increase in output power for each of the 
three descaler tips, each at a diﬀerent generator power setting. These are 
observed where there are large gaps on the plot, between the measurements 
for two diﬀerent generator power settings. These output power thresholds 
are observed between powers 3/10 and 4/10 for the ‘A’ tip, between powers 
6/10 and 7/10 for the ‘P’ tip and between powers 8/10 and 9/10 for the ‘PS’ 
tip. As the threshold is diﬀerent for each of the three tips, it is unlikely to be 
a property of the generator power setting, and likely to be a function of the 
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tip design. It is possible that it is indicative of the cavitation threshold—the 
inception of cavitation—with markedly diﬀerent results for each tip design. 
Further analysis 
The energy, E, supplied by the electric heater is calculated by 
E = V It (3.1) 
where V is the potential diﬀerence across the heater, I is the current ﬂowing 
through the heater and t is the time over which the above parameters are 
applied. The current was measured to be 1.145 A and the potential diﬀerence 
was measured to be 5.32 V. This leads to an energy supplied by the heater— 
assuming a perfect conversion of electricity to heat—of 1462 J over a period 
of 240 seconds. 
The total heat capacity of the apparatus in the system can be assumed 
to be a constant, and given the term C. If heat losses to the surroundings 
are ignored—a reasonable assumption as the linear region of the temperature 
calibration plot is being used—then the energy supplied by the heater is equal 
to the energy gained by the system due to temperature increase, as in 
E = CΔθ (3.2) 
where Δθ is the temperature rise. The temperature rise due to the heater 
over 240 seconds was 9.6 K, giving a value for the heat capacity of 152 J K−1∗. 
With the heat capacity known, the power at each setting may be calcu­
lated knowing that 
CΔθ 
P = (3.3)
t 
∗It should be noted that the heat capacity of the apparatus is distinct from the speciﬁc 
heat capacity of any particular component of the apparatus. The units of speciﬁc heat 
capacity—J K−1 kg−1—compared to the heat capacity—J K−1—make the distinction 
clear. 
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Figure 3.6: Acoustic output power of ‘A’, ‘P’ and ‘PS’ tips at generator power 
1–10 
where P is the power in Watts. The calculated powers for each tip and power 
setting are tabulated in the appendix in Tables A.1, A.2 and A.3, with the 
results shown graphically in Figure 3.6. In addition, the ultrasonic intensity 
for each tip at each power setting has been calculated—using the area of each 
dental tip as determined in Section 3.1.1—and the spatial average intensity 
quoted in units of W cm−2, and tabulated in the appendix as for the power. 
As with the temperature calibration plots, a threshold for each tip is 
visible as a sharp increase in output power between two generator power 
settings. 
3.1.3 Terephthalic acid dosimetry 
With the acoustic power output of the descaler known, it was possible to 
begin measurements to observe cavitation using the terephthalate dosimeter, 
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Figure 3.7: Fluorescence calibration plot of synthesised HTA. Perkin Elmer 
4300 ﬂuorimeter, λex = 310 nm, λan = 425 nm, slit width = 5 nm 
as described in Section 1.4. 
HTA ﬂuorescence calibration results 
Results from the ﬂuorescence calibration of HTA are shown in Figure 3.7, 
with the data tabulated in the appendix in Table A.4. 
Correlation of ﬂuorescence intensity to concentration of HTA was linear in 
this concentration range, as shown by the excellent linear ﬁt. Regression anal­
ysis of the data gave an increase of 68.8 ﬂuorescence units per 10−6 mol dm−3 
of HTA, which allowed quantitative analysis of further ﬂuorescence measure­
ments. 
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Figure 3.8: Fluorescence plot of sonicated TA solution, using direct immer­
sion ultrasound apparatus. 6.5 µm peak to peak amplitude, air-saturated 
solution, 298.15 K solution temperature 
Direct immersion ultrasound apparatus 
Figure 3.8 shows the results from the direct immersion ultrasound apparatus 
experiment, with a linear ﬁt plotted over the data points. The results are 
tabulated in the appendix in Table A.5. The absolute ﬂuorescence intensity 
values have been converted into a concentration of HTA for the plot, using 
the calibration obtained from experiments in Section 2.3.1 
An excellent linear relationship was found between ﬂuorescence of the 
sonicated TA solution and the sonication time. Calibration performed in 
Section 2.3.1 with the same ﬂuorimeter showed that ﬂuorescence intensity 
increased linearly with increasing HTA concentration for these levels of HTA, 
and so this result was to be expected. 
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Figure 3.9: Fluorescence plot of sonicated TA solution, using ‘A’ tip

Table 3.3: Eﬀect of contacting glass on rate of formation of HTA

Tip HTA/mol dm−3 × 10−6 min−1 
in solution 
HTA/mol dm−3 × 10−6 min−1 
against glass 
Reduction 
in rate 
A 0.28 0.11 61% 
P 0.39 0.17 56% 
PS 0.37 0.15 59% 
TA dosimetry of dental desaler tips 
Figures 3.9, 3.10 and 3.11. As with the direct immersion ultrasound ap­
paratus results, the absolute ﬂuorescence values were converted into HTA 
concentration for plotting. The ﬂuorescence measurements are tabulated in 
the appendix as Tables A.6, A.7 and A.8. 
As with the results from the direct immersion ultrasound apparatus test­
ing in Section 2.3.2, an excellent linear relationship was found between ﬂuo­
rescence of the sonicated TA solution and sonication time. 
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Figure 3.10: Fluorescence plot of sonicated TA solution, using ‘P’ tip 
Additionally, it can be seen from further analysis in Table 3.3 that when 
a descaler tip was forced to contact glass during the sonication procedure, 
the rate of HTA formation decreased by approximately 60%. It is likely that 
the application of loading to an operating descaler tip damps the oscillatory 
motion suﬃciently to inhibit the formation of cavitation bubbles, at least 
partially. That such consistent results were obtained—despite previous work 
suggesting that the vibrational displacement amplitude of tips when loaded 
against a tooth surface was highly variable (both between tips of the same 
design operated at the same power and between the same tip operated at a 
range of powers)[125]—is perhaps surprising. 
3.1.4 High-speed videography 
A selection of still frames from the high-speed video recording is presented 
in Figures 3.12, 3.13, 3.14, 3.15, 3.16, 3.17 and 3.18, showing each of the ‘A’, 
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Figure 3.11: Fluorescence plot of sonicated TA solution, using ‘PS’ tip 
‘P’ and ‘PS’ tips. 
Two sequences of frames for the video recording are shown in Figures 3.19 
and 3.20. 
Four square areas are visible within each still image, and these are ex­
plained by the imaging sensor of the video camera being composed of four 
individual imaging sensors, leaving a visible edge between each one. The 
comparatively low resolution of the imaging sensor, with each pixel corre­
sponding to a particle size of approximately 100 µm, precludes the ability 
to image individual cavitation bubbles. However, it is possible to see larger 
bubbles of degassing air, each several hundred µm in diameter, especially 
close to the descaler tip in Figures 3.12, 3.14 and 3.15. It was not possible 
to repeat the experiments with degassed water in place of freshly-drawn tap 
water, in order to conﬁrm the nature of the larger bubbles. Further, clouds 
of cavitation bubbles, made visible by obscuring the illuminating light from 
the ground glass, can be seen to extend away from regions of the descaler tip 
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5 mm
Figure 3.12: Still from side-on 30000 fps video of ‘A’ tip operating at 10/10 
power, pulsed illumination, frame 363. Cavitation plume circled in red 
3 mm
Figure 3.13: Still from back-on 30000 fps video of ‘A’ tip operating at 10/10 
power, pulsed illumination, frame 877. Cavitation plume circled in red 
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7 mm
Figure 3.14: Still from side-on 30000 fps video of ‘PS’ tip operating at 10/10 
power, continuous illumination, frame 143. Three areas of cavitation activity 
circled in red 
3 mm
Figure 3.15: Still from face-on 30000 fps video of ‘PS’ tip operating at 10/10 
power, pulsed illumination, frame 786. Cavitation plumes circled in red 
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3 mm
Figure 3.16: Still from back-on 30000 fps video of ‘P’ tip operating at 10/10 
power, continuous illumination, frame 500. Cavitation plume shown on the 
right of the tip. Compare with Figure 3.17 
3 mm
Figure 3.17: Still from 30000 fps video of ‘P’ tip operating at 10/10 power, 
continuous illumination, frame 837. Cavitation plume on the left of the tip. 
Compare with Figure 3.16 
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7 mm
Figure 3.18: Still from 30000 fps video of ‘P’ tip operating at 10/10 power, 
continuous illumination, frame 96. Cavitation activity circled in red 
in each of the six still frames. 
Stills taken under pulsed illumination show improved deﬁnition of both 
smaller cavitation bubbles, visible only as clouds rather than individual bub­
bles, and larger degassing air bubbles, compared with the stills taken under 
continuous illumination. This is due to the pulsed LED illuminating the 
scene for only half of the duration of a single frame, such that the exposure 
time is eﬀectively halved while maintaining the framerate, improving the 
deﬁnition of moving objects. 
All three designs of descaler tip show signiﬁcant cavitation bubble pro­
duction at both the front and rear of the tip, as shown with the ‘A’ tip in 
Figure 3.12, the ‘P’ tip in Figure 3.18 and the ‘PS’ tip in Figure 3.14. While 
the ‘A’ tip shows a single site of intense bubble production approximately 
halfway along the tip, with a minor site closer to the free end of the tip, 
the ‘PS’ tip show three sites of activity, and the ‘P’ tip shows two regions of 
intense activity and two regions of slight activity. 
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3 mm
Figure 3.19: Sequence from 30000 fps video of ‘A’ tip operating at 10/10 
power, continuous illumination, frames 366–385, left to right and top to 
bottom. Initially, there are two individual cavitation plumes visible, circled 
in red, which merge into one by the end of the sequence 
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7 mm
Figure 3.20: Sequence from 30000 fps video of ‘PS’ tip operating at 10/10 
power, continuous illumination, frames 811–830, left to right and top to 
bottom. Several cavitation plumes are visible, although only one does not 
shift in position during the sequence 
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When the front or rear of the tip is oriented to the video camera, signiﬁ­
cant variability is shown in the distribution of cavitation bubbles to the sides 
of the tip, compared with the relatively symmetrical distribution around the 
front and rear faces of the tip shown when the tip presents a side-on orienta­
tion to the camera. This phenomena is particularly obvious in Figures 3.16 
and 3.17, which show cavitation bubble production switching from one side 
of the ‘P’ tip to the other during the course of an experiment. The ‘PS’ 
tip displays similar variability in the distribution of cavitation bubbles in 
Figure 3.15, with several jets emanating from the sides of the tip, each in a 
diﬀerent direction. There is also considerable variability observed with the 
‘A’ tip, shown in Figure 3.13, which shows an ill-deﬁned cloud of cavitation 
bubbles emanating from the camera-facing side of the tip. The sequence of 
frames of the ‘PS’ tip also shows this variability, with areas of cavitation ac­
tivity that appear and disappear along the tip, although often in repeatable 
locations, as shown in Figure 3.20. 
3.2 Luminol mapping 
3.2.1 Unloaded measurements 
Artemis CCD 
A selection of results are shown in Figures 3.21, 3.22, 3.23 and 3.24. 
Qualitative analysis of the results shows several areas around each tip with 
signiﬁcant levels of luminescence output. It can be seen from Figure 3.24 that 
the outlet in the tip—where cooling water is allowed to ﬂow out and over the 
tip while in clinical use—is surrounded by a region of intense luminescence. 
This region is also visible on images showing the ‘P’ and ‘PS’ tips, indicating 
that the presence of the outlet in some way creates ideal conditions for the 
occurrence of inertial cavitation. 
The three tip designs each show at least one region of intense luminescence 
along the descaler tip, which are most easily seen in the side-on views in 
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5 mm
Figure 3.21: ‘A’ tip viewed with a side-on orientation, 10/10 power, luminol 
solution, 60 second exposure time 
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5 mm
Figure 3.22: ‘P’ tip viewed with a side-on orientation, 10/10 power, luminol 
solution, 60 second exposure time 
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5 mm
Figure 3.23: ‘PS’ tip viewed with a side-on orientation, 10/10 power, luminol 
solution, 60 second exposure time 
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5 mm
Figure 3.24: ‘A’ tip viewed with the rear of the tip facing the camera, 10/10 
power, luminol solution, 60 seconds exposure time 
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Figures 3.21, 3.22 and 3.23. They occur at a diﬀerent position for each of the 
three tips, occurring closest to the handpiece with the ‘P’ tip and farthest 
from the handpiece with the ‘A’ tip. 
While the images produced by the Artemis CCD were useful for spatially 
resolving luminescence—and therefore regions of cavitation activity—around 
the descaler tips, the long exposure time of 60 seconds produced visible aver­
aging eﬀects. In addition the sensor has a low resolution, so the alternative 
of the Canon EOS 30D was explored. 
Canon EOS 30D 
The increased light sensitivity of the CMOS sensor as compared to the 
Artemis CCD enabled testing of luminescence output across the whole range 
of descaler generator power settings. Every power setting and tip design was 
tested, at the same three viewing angles relative to the camera as before. 
Selected results are shown in Figures 3.25, 3.26, 3.27, 3.28, 3.29, 3.30 and 
3.31. Numerical total intensity values over the whole frame are tabulated in 
Tables A.9, A.10 and A.11. Plots of these values are shown in Figures 3.32, 
3.33 and 3.34. 
Qualitative analysis of the Canon EOS 30D results shows broadly the 
same regions of luminescence activity as the Artemis CCD results, with a re­
gion of intense activity along each tip design. Luminescence activity around 
the cooling solution outlet of the descaler tip is also visible, as before. Colour 
information is the most obvious diﬀerence, with the blue hue of luminol lumi­
nescence as opposed to the grayscale images of the Artemis camera. It is also 
possible to see a ﬁner graduation between areas of high luminescence activity 
and those of low activity, in part due to the addition of colour information, 
but also due to the increased spatial resolution of the 30D sensor. 
There is a marked decrease in the luminescence output when looking at 
Figure 3.25 and comparing to Figure 3.26, both of the ‘A’ descaler tip but at 
generator power setting 10/10 and 1/10 respectively. However, two regions 
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5 mm
Figure 3.25: ‘A’ tip viewed with a side-on orientation, 10/10 power, luminol 
solution, 30 seconds exposure time 
5 mm
Figure 3.26: ‘A’ tip viewed with a side-on orientation, 1/10 power, luminol 
solution, 30 seconds exposure time 
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5 mm
Figure 3.27: ‘P’ tip viewed with a side-on orientation, 10/10 power, luminol 
solution, 30 seconds exposure time 
5 mm
Figure 3.28: ‘PS’ tip viewed with a side-on orientation, 10/10 power, luminol 
solution, 30 seconds exposure time 
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5 mm
Figure 3.29: ‘P’ tip viewed with front of the tip facing the camera, 10/10 
power, luminol solution, 30 seconds exposure time 
5 mm
Figure 3.30: ‘P’ tip viewed with back of the tip facing the camera, 10/10 
power, luminol solution, 30 seconds exposure time 
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5 mm
Figure 3.31: ‘PS’ tip viewed with back of the tip facing the camera, 7/10 
power, luminol solution, 30 seconds exposure time 
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Figure 3.32: Total luminescence intensity over whole frame, using ‘A’ tip
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Figure 3.33: Total luminescence intensity over whole frame, using ‘P’ tip 
of luminescence activity along the descaler tip are still visible, even at the 
low power setting—one approximately halfway between the handpiece and 
the end of the tip, and the other much closer to the end of the tip. At 
the 10/10 power setting, considerably more luminescence is visible in the 
surrounding solution than at 1/10 generator power. This is likely due to 
the increased vibration amplitude of the descaler at high power settings, 
leading to the solution being disturbed to a greater extent than at low power 
settings, dispersing the luminescence further into solution. Similarly broad 
ﬁeld luminescence is also seen with the ‘P’ and ‘PS’ descaler tip designs as 
shown in Figures 3.27 and 3.28, likely for the same reason. 
While two areas of cavitation activity are discernible for the ‘PS’ tip, 
three can be seen in the ‘P’ tip images. The location of these regions of 
luminescence are diﬃcult to identify on the mapping photographs, but Fig­
ure 3.35 shows the approximate locations for each region with each tip on a 
scale diagram, and compares them to the cavitation plumes observed with 
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Figure 3.34: Total luminescence intensity over whole frame, using ‘PS’ tip 
high-speed videography. If the distance from the free end of the tip to the 
point where the tip diameter widens closest to the handpiece is taken as the 
length of the tip, the distance along the tip from the free end of the tip 
where the sites of maximum luminescence occur for each tip are presented in 
Table 3.4. 
As can be seen in Figure 3.34, a sharp increase in ‘PS’ descaler tip lumines­
cence occurred at generator power setting 7/10, which is shown graphically in 
Figure 3.31. The increased luminescence output was consistent across several 
Table 3.4: Approximate locations of maximal luminescence activity from the 
free end of ‘A’, ‘P’ and ‘PS’ dental tips 
Tip Distance from free end of tip/mm 
A 2.8, 8.0 
P 2.3, 6.6, 15.2 
PS 6.3, 14.5 
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5 mm
A PSP
5 mm 7 mm 8 mm
Figure 3.35: Diagram of the approximate locations of maximal luminescence 
activity for the ‘A’, ‘P’ and ‘PS’ tips, from left to right, at power 10/10. 
Compare with the cavitation plumes observed with high-speed videography, 
shown above the corresponding tip 
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repeat measurements, and is unexplained, although possibly due to a reso­
nant frequency eﬀect, increasing the vibration amplitude of the descaler in 
this particular conﬁguration. It should be noted that power setting 7/10 pro­
duced irregular results during calorimetry, as can be seen in Figure 3.6, where 
results at the same power setting produced inconsistent results from those of 
6/10 or 8/10 power for all tips. It is also possible that some property of the 
descaler generator gives inconsistent output at the 7/10 power setting, as–at 
least for calorimetry results—all three tip designs were similarly aﬀected. 
It is also curious that the luminescence activity is restricted entirely to 
one side of the descaler tip—the back side as viewed from the side-on orienta­
tion. The same side of the descaler tip shows increased activity for the ‘P’ tip 
in Figures 3.30 and 3.29, suggesting some commonality, even with diﬀerent 
tip designs. Similar behaviour was observed with high-speed videography, in 
Section 3.1.4, although it was found that the side of increased luminescence 
activity could switch during an experiment, for the ‘P’ tip speciﬁcally. This 
could indicate variability in the output of the descaler generator or the con­
struction of the descaler tip, or even the attachment of the descaler tip to 
the handpiece. 
It is interesting to note that the acoustic output power thresholds for each 
descaler tip design in Figures 3.3, 3.4 and 3.5, taken from the temperature 
calibration in Section 3.1.2, are almost identical to the luminescence intensity 
thresholds in Figures 3.32, 3.33 and 3.34. The ‘A’ descaler tip has an identical 
threshold of between powers 3/10 and 4/10 when compared with tempera­
ture calibration and luminol mapping. The ‘PS’ tip showed a luminescence 
threshold between powers 7/10 and 8/10—in contrast to the threshold be­
tween power settings 8/10 and 9/10 for temperature calibration—although 
this does not take into account the seemingly-anomalous result for power 
7/10, noted above. Likewise, for the ‘P’ descaler tip, the temperature cali­
bration threshold was shown to be between powers 6/10 and 7/10, but the 
luminescence intensity threshold was less clear, and could justiﬁably be taken 
to be anywhere between power settings 3/10 and 7/10. 
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Comparison with MBSL measurements 
Leighton and Byrne have previously made MBSL measurements of an operat­
ing ultrasonic dental descaler immersed in water, with no contact loading[96]. 
A set of images from the research are shown in Figure 3.36. 
As the power applied to the descaler increases, so does the intensity of 
luminescence. Further, the location of luminescence is exclusively in the 
middle of the tip at low power (II–IV), gradually appearing at the top of 
the tip at high power (V) and also at the free end of the tip at maximum 
power (VI). These observations are broadly in line with the unloaded luminol 
mapping results of Section 3.2, where an increase in power gave rise to more 
intense luminescence and more regions of luminescence, although there are 
some important diﬀerences. 
The enhancement of luminescence made possible through the use of lumi­
nol produces a signiﬁcantly more intense light than from MBSL. This allows 
a much greater contrast between areas of intense and mild luminescence. Ad­
ditionally, imaging sensor technology has improved since the MBSL research, 
allowing greater resolution and an ability to more precisely locate areas of 
intense luminescence output. 
3.2.2 In-air luminol mapping 
Results from the ‘A’, ‘P’ and ‘PS’ tips are presented in Figures 3.37, 3.38 
and 3.39. 
The in-air luminol mapping shows signiﬁcant diﬀerences when compared 
with the unloaded solution-based measurements of Section 3.2. Especially for 
the ‘P’ tip result shown in Figure 3.38, the luminescence is strongly localised 
to the region surrounding the descaler tip. The luminescence intensity is 
less at the handpiece end of the tip, and increases gradually towards the 
free end. A spray of luminescence is visible underneath the tip, and during 
manual inspection of the experiments this spray was visible as it contacted 
a receptacle underneath the apparatus. 
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20 mm
20 mm20 mm
20 mm
20 mm 20 mm
I II
III IV
V VI
Figure 3.36: At top left (I), the silhouette of a dental descaler immersed in 
water. In the other images, the backlight is switched oﬀ and MBSL from 
the tip operated at increasing powers, from left to right and top to bottom 
(II–VI), is shown. The red outline indicates the location of the tip in the 
MBSL images. Reproduction from The Acoustic Bubble[96] 
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5 mm
Figure 3.37: ‘A’ tip viewed with a side-on orientation, in-air mapping with 
luminol cooling solution, 10/10 power, 30 seconds exposure time 
5 mm
Figure 3.38: ‘P’ tip viewed with a side-on orientation, in-air mapping with 
luminol cooling solution, 10/10 power, 30 seconds exposure time 
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5 mm
Figure 3.39: ‘PS’ tip viewed with a face-on orientation, in-air mapping with 
luminol cooling solution, 10/10 power, 30 seconds exposure time 
These observations are likely due to the extended lifetime of luminol lu­
minescence, which has been observed to be up to 50 ms[79], leading to a 
streaking eﬀect as luminescence continues away from the initial reaction site. 
Indeed, at the ﬂow rate used in the experiment, the decay time of 50 ms 
is enough for luminol solution to ﬂow onto and over the tip, and still be 
decaying for several millimetres once it has left the tip (based on a solution 
velocity of approximately 500 mm s−1). As the luminol solution ﬂows over 
and oﬀ the tip, it is likely that the luminescence grows stronger due to an 
accumulation of luminescing species, with the comparatively long lifetime of 
luminol masking the expected site of luminescence halfway along the descaler 
tip. 
The ‘A’ tip result in Figure 3.37 shows broadly similar behaviour to the ‘P’ 
tip result, with a sheath of luminescence activity surrounding the descaler tip. 
However, the spray of luminol solution from the tip begins around halfway 
along the tip, with a second spray at the free end of the tip. For this reason, 
the greatest luminescence activity is visible towards the handpiece end of the 
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tip, with high levels of luminescence in the spray, underneath the tip. There 
is also luminescence visible at the top of the tip, where cavitation is not 
expected. It is possible that some of the spray leaving the tip is transported 
to otherwise inactive regions and continues to luminesce. As luminescence 
was only observed during experiments with the descaler generator active, it 
is unlikely that the luminescence arises from oxidation on the tip surface. 
The ‘PS’ tip result, showing the spray ejected from the underside of the 
tip, indicates none of the bias of cavitation activity to the left or right of the 
tip, which was visible in the solution-based measurements. ‘A’ and ‘P’ tip 
results from the same orientation showed a similar lack of bias. Whether this 
follows from the constriction of the cooling solution to a sheath around the 
tip, or is indicative that dental tips operated in air show diﬀerent oscillation 
characteristics than when operated in solution, has yet to be determined. 
The spray of solution that is visible surrounding each of the three tips 
was previously mentioned in Section 1.6.1 as the aerosol that may disperse 
micro-organisms when a descaler is used in vivo[91]. While the lifetime of 
luminol luminescence makes it diﬃcult to localise the occurrence of cavitation 
activity, it is likely that the cavitation activity observed in the spray could 
have a destructive eﬀect on micro-organisms that might be dispersed by a 
descaler. Thus, the cleaning eﬀectiveness of ultrasonic descalers may beneﬁt 
from the dispersal process, with the cavitation activity as a useful by-product 
of the ultrasonic irradiation of the cooling solution. 
3.2.3 Loaded measurements 
The results of the loaded luminol mapping are shown in Figures 3.40, 3.41 
and 3.42. The measurements are tabulated in Table A.12, A.13 and A.14. 
Images of luminescence output are presented in Figures 3.43, 3.44 and 
Unsurprisingly, the unloaded baseline results show the same trend as 
with the original unloaded results from Section 2.5.3. The loaded results, 
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Figure 3.40: Luminol mapping under various loads, side view, using ‘A’ tip 
however, show far from the same trends. For the ‘A’ tip results—shown in 
Figure 3.40—the luminescence intensities at 1 N load are approximately 25% 
more intense than those under 2 N load, across all measured power settings. 
The 1 N load measurements are also more intense than the unloaded mea­
surements, except at 10/10 power, where the unloaded luminescence intensity 
is greater than both 1 N and 2 N load measurements. 
The ‘P’ and ‘PS’ tip results are considerably more erratic than those of 
the ‘A’ tip. In the case of the ‘P’ tip, the luminescence measurements at pow­
ers 1/10, 5/10 and 10/10 are similar for all three load conditions. However, 
at power 3/10, the 2 N load shows an approximate decrease in luminescence 
intensity of 35% compared to the 1 N load and unloaded measurements. At 
power 7/10 the situation is reversed, with the luminescence at 2 N signiﬁ­
cantly more intense than that of the unloaded and 1 N load measurements. 
For the ‘PS’ tip the situation is even more erratic than that of the ‘P’ tip. 
The measurements at a load of 2 N are in general less intense than those at 1 N 
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Luminol intensity against descaler power under various loads, ‘P’ tip 
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Figure 3.41: Luminol mapping under various loads, side view, using ‘P’ tip 
load or unloaded, excepting the 5/10 power setting, where the luminescence 
is approximately 60% more intense for the 2 N load measurements. For power 
settings 1/10, 3/10 and 10/10, the 1 N load measurements showed the most 
intense luminescence, and at power setting 7/10 the unloaded measurements 
were only slightly more luminous. 
There is no clear trend from the results that is common across all three 
descaler tip designs. However, at many power settings, either or both of 
the loaded measurements showed a marked increase in luminescence activity 
over that of the unloaded measurements. It is unclear whether alternative 
tip designs would behave in a similar manner to the three tip designs that 
have been studied, but it is certainly possible that a tip design can be studied 
in a manner similar to that above. With results gained from such a study, 
a clinician could apply load with knowledge of which power settings and tip 
designs would be most conducive to cavitation production, if this is desired. 
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Luminol intensity against descaler power under various loads, ‘PS’ tip 
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Figure 3.42: Luminol mapping under various loads, side view, using ‘PS’ tip

Free 1 N 2 N
5 mm 5 mm 5 mm
Figure 3.43: Luminescence observed from ‘A’ tip luminol mapping, loads as 
in the ﬁgure, 10/10 power, 60 seconds exposure time 
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Free 1 N 2 N
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Figure 3.44: Luminescence observed from ‘P’ tip luminol mapping, loads as 
in the ﬁgure, 10/10 power setting, 60 seconds exposure time 
Free 1 N 2 N
5 mm 5 mm 5 mm
Figure 3.45: Luminescence observed from ‘PS’ tip luminol mapping, loads as 
in the ﬁgure, 10/10 power setting, 60 seconds exposure time 
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Figure 3.46: Exaggerated displacement amplitudes observed for the ‘P’ tip 
via laser vibrometry. Each image shows the maximum observed displacement 
and is 180 degrees out of phase with the other image 
3.3 Laser vibrometry 
3.3.1 Unloaded measurements 
Plots of the vibration displacement amplitude for unloaded descaler tips at 
a generator power setting of 10/10 are shown in Figures 3.47, 3.48 and 3.49. 
Only the magnitude of the displacement is presented, the sign is omitted 
for clarity. Thus, a greater visual diﬀerence in displacement is presented in 
an identical plot area. A graphical example—albeit an exaggeration—of the 
displacement amplitude observed for the ‘P’ tip is shown as an example in 
Figure 3.46. 
Further analysis 
The direction of motion of the end of the descaler tips was opposite that of 
the middle section. The vibrational antinode with the greatest displacement 
amplitude was found to always occur at the free end of each tip. A further 
antinode was found to occur for each tip, 7.1 mm, 5.3 mm and 5.5 mm from 
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Figure 3.47: Vibration displacement amplitude, using ‘A’ tip, 10/10 power, 
in water 
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Vibration displacement amplitude against tip length, ‘P’ tip
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Figure 3.48: Vibration displacement amplitude, using ‘P’ tip, 10/10 power, 
in water 
D
is
pl
ac
em
en
t 
am
pl
it
ud
e/
µ
m
 
100

Vibration displacement amplitude against tip length, ‘PS’ tip

40

35

30

25 Second antinode

20

15

10

5

0

0 2 4 6 8 10 
Distance from free end of tip/mm 
Figure 3.49: Vibration displacement amplitude, using ‘PS’ tip, 10/10 power, 
in water 
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the free end for ‘A’, ‘P’ and ‘PS’ tips respectively. Displacement amplitude 
was found to increase with increasing generator power, for all three designs 
of descaler tip. 
Comparing the vibration displacement amplitude plots to Figures 3.25, 
3.27 and 3.28 shows a good correlation between the intense regions of lumi­
nescence activity and the position along the descaler tips that gave rise to a 
displacement maximum. The free end of the tip is a notable exception, as 
little luminescence activity was observed, even though the overall maximum 
displacement amplitude was observed at the free end for each of the three tip 
designs. It is possible that the tapered design of each descaler tip—towards 
the free end—gives rise to this apparent discrepancy. Thus, even though the 
end shows large motion, its shape may mean that water ﬂows easily around 
it so that the large negative pressures required for cavitation are not gen­
erated in its wake. A diagram to illustrate this possible eﬀect is shown in 
Figure 3.50, with the speculated behaviour shown as laminar ﬂow in the left 
image. The more bluﬀ tip shown in the right image may lead to turbulent 
ﬂow around the tip, which is likely the situation at regions of the tip along its 
length, excluding the free end, where intense cavitation activity is observed. 
In the vibrometry experiments, it would be expected that clouds of cavita­
tion bubbles would be produced around the operating descaler tip, including 
in the path of the source and reﬂected laser beams. Additionally, the beams 
must both travel through the walls of the container and the water between 
the interior wall and the tip. The bubble cloud would be likely to scatter light 
passing through it, attenuating the signal passed to the photo detector of the 
vibrometer and introducing errors into the measurements of tip displacement 
amplitude. However, this has not been considered in the published results 
from SLV of ultrasonic dental descalers[126, 110, 125, 127, 111, 128]. 
In typical clinical use, the tip of the descaler is contacted against a tooth 
and so applies a load at the free end of the tip orthogonal to the direction of 
vibration. This setup was replicated in loaded luminol mapping experiments, 
and a schematic diagram to aid visualisation is shown in Figure 2.10. While 
the unloaded measurements may seem irrelevant for clinical use, they are 
102

Figure 3.50: Diagram illustrating laminar ﬂow at left and turbulent ﬂow at 
right 
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Vibration displacement amplitude against tip length, ‘A’ tip 
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Figure 3.51: Vibration displacement amplitude, using ‘A’ tip under load, 
10/10 power 
highly relevant where descalers may be operated in pools of irrigant or liquid 
between teeth and gums. 
3.3.2 Loaded measurements 
Plots of the vibration displacement amplitude at a generator power setting 
of 10/10 are shown for unloaded, 1 N and 2 N loads in Figures 3.51 and 3.52. 
Further analysis 
As with the unloaded vibrometry measurements from Section 3.3.1, the vi­
brational antinode with the greatest displacement amplitude was found to 
always occur at the free end of each tip. A further antinode was found to 
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Vibration displacement amplitude against tip length, ‘P’ tip
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Figure 3.52: Vibration displacement amplitude, using ‘P’ tip under load, 
10/10 power 
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occur for each tip, 4.7 mm from the end of the ‘P’ tip and 7.1, 7.6 and 6.0 mm 
from the end of the ‘A’ tip for no load, 1 N and 2 N loads, respectively. 
The location of the second antinode for the unloaded ‘A’ tip measure­
ment was thus identical to that of the unloaded ‘A’ tip measurement of 
Section 3.3.1. However, the second antinode for the unloaded ‘P’ tip mea­
surement was previously found to be 5.3 mm from the free end of the tip, a 
diﬀerence of 0.6 mm from the new measurement. This indicates a change in 
the location of the points labelled as the tip end—at least with the ‘P’ tip— 
although no loading produced a shift in the position of the second antinode. 
For the ‘A’ tip, the loaded measurements gave markedly diﬀerent locations 
for the second antinode. The 2 N load shifted the position of the second 
antinode 1.1 mm closer to the free end of the tip, and with a 1 N load the 
position shifted 0.4 mm further from the end of the tip, when compared with 
the unloaded measurements. 
Given the consistent location of the second antinode with the ‘P’ tip, and 
the comparatively variable results with the ‘A’ tip, it would seem that the ‘P’ 
tip is more robust. One possible explanation for the variability in results is 
the relatively large distances between each scan point, which are greater than 
the shift observed for the 1 N load measurement with the ‘A’ tip. The shift 
observed for the 2 N load measurement with the ‘A’ tip is two scan points 
away from the unloaded measurement, so it is considerably more likely that 
this result is signiﬁcant, and not an artifact of the measurement technique. 
3.4 NPL ‘Cavimeter’ 
The results are presented in Figures 3.53, 3.54 and 3.55. 
Again, similar general trends of increasing cavitation activity with in­
creasing generator power are shown for all three tips. The direct ﬁeld mea­
surements did not show as much variation as the cavitation measurements. 
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Figure 3.53: ‘Cavimeter’ results, using ‘A’ tip, in water 
As with the temperature calibration measurements of Section 3.1.2 and 
the luminol mapping measurements of Section 2.5.3, the cavitation threshold 
for the ‘A’ tip was observed to be between generator power 3/10 and 4/10. 
The direct ﬁeld measurement—while signiﬁcantly lower in magnitude than 
the cavitation measurement—was broadly consistent with it. 
The cavitation measurement for the ‘P’ tip showed an exceptionally sharp 
rise in the cavitation measurement between generator power 8/10 and 9/10. 
This was in contrast to the inconsistent temperature calibration threshold 
of between generator power 6/10 and 7/10. The luminescence intensity was 
less clear, at between generator power 3/10 and 7/10, but still out of the 
range detected by the ‘Cavimeter’. The direct ﬁeld measurement was con­
sistent with the cavitation measurement, except at high power settings. For 
instance, at generator power setting 9/10 and 10/10 the direct ﬁeld measure­
ment showed a slight decrease, despite the sharp increase in the cavitation 
measurement. 
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Figure 3.54: ‘Cavimeter’ results, using ‘P’ tip, in water 
The ‘PS’ tip showed a threshold in both the cavitation and direct ﬁeld 
measurements between generator power settings of 6/10 and 7/10. This is 
less than both the luminescence intensity threshold—between powers 7/10 
and 8/10—and the temperature calibration threshold between powers 8/10 
and 9/10. However, the increase in the cavitation measurement and the direct 
ﬁeld measurement with increasing generator power is quite consistent, and 
the threshold observed for both is slight. It is possible that the comparatively 
weak output of the ‘PS’ tip compared to the ‘A’ and ‘P’ tip designs leads to 
a threshold that is inconsistent across all three studies, rather than a genuine 
diﬀerence. 
Overall, the ‘A’ tip appeared to be the most consistent of the three 
descaler tip designs, when comparing the thresholds observed for the tem­
perature calibration and luminol mapping experiments. The ‘PS’ tip shows 
inconsistencies in threshold determination with the other experiments, al­
though this could be caused by the comparatively weak output due to the 
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Figure 3.55: ‘Cavimeter’ results, using ‘PS’ tip, in water 
thin, cylindrical shape of the tip. While the ‘P’ tip showed a clear thresh­
old between powers 8/10 and 9/10, this was more than that observed for 
either of the other experiments. While there was a clearly sharp increase 
observed in the temperature calibration measurement at the same power set­
tings, the threshold had already been broken earlier. It is therefore possible 
that the ‘Cavimeter’ is merely making only one of several thresholds visible 
through measurement—the cavitation threshold—and the sharp increases in 
other experiments are indicative of alternative thresholds. The sensitivity of 
the ‘cavitation’ measurement to transient cavitation could indicate that the 
threshold indicated by the ‘Cavimeter’ is that of switching from predomi­
nantly stable to predominantly transient cavitation, for instance. 
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Figure 3.56: ‘Cavimeter’ and luminol comparison, using ‘A’ tip 
Correlation with luminol mapping 
A more direct comparison of ‘Cavimeter’-assessed output with luminol map­
ping output is possible by plotting both sets of data on the same set of axes, 
and scaling the absolute measurements so as to be relative to the maximum 
signal. These plots are presented as Figures 3.56, 3.57 and 3.58 for ‘A’, ‘P’ 
and ‘PS’ tips, respectively. 
Figure 3.56 shows good agreement between ‘Cavimeter’ and luminol mea­
surements for the ‘A’ tip. A threshold power of between 3/10 and 4/10 is 
clearly visible in the plot, and the trend for other power settings is in good 
agreement. 
The ‘P’ tip results are also in good agreement, as shown in Figure 3.57. 
That the direct ﬁeld ‘Cavimeter’ measurement shows a poor agreement with 
the other series is perhaps not surprising, considering that little variability 
on the direct ﬁeld was observed across the whole range of power settings, 
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‘Cavimeter’ and luminol relative measurements, ‘P’ tip 
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Figure 3.57: ‘Cavimeter’ and luminol comparison, using ‘P’ tip 
the relative scaling giving a misleading trend here. The sharp increase in 
cavitation output detected by the ‘Cavimeter’ between power 8/10 and 9/10 
is also visible for luminol measurements, though to a lesser degree. Unfor­
tunately, the relative scaling does not produce a common threshold for both 
measurement techniques in the case of the ‘P’ tip. 
Agreement between luminol and ‘Cavimeter’ techniques for the ‘PS’ tip, 
shown in Figure 3.58 is less satisfactory than the ‘A’ or ‘P’ tips, but this is not 
surprising given that the absolute values of luminol and acoustic emissions 
were considerably lower for the ‘PS’ tip than the other two tips, leading to the 
smallest variation for both measurement techniques. However, a threshold 
between power settings 6/10 and 7/10 is clear for both luminol and ‘Cavime­
ter’ measurements, although an even more signiﬁcant threshold is visible 
between powers 7/10 and 8/10 for the luminol measurements (excluding the 
unusual 7/10 measurement for the back-on measurements). 
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‘Cavimeter’ and luminol relative measurements, ‘PS’ tip 
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Figure 3.58: ‘Cavimeter’ and luminol comparison, using ‘PS’ tip 
3.5 Surface erosion 
3.5.1 Hydroxyapatite erosion 
The results of the control measurements and those performed with the ‘A’ tip 
are shown in Figures 3.59, 3.60, 3.61 and 3.62. A schematic of the location 
of the surface proﬁles is shown in Figure 3.63. 
Both Figure 3.60 and Figure 3.59 show similar surface proﬁles of the con­
trol pellet. The pellet is shown to be concave in shape, with the curvature in 
the central region reaching a maximum deviation from a ﬂat surface of ap­
proximately 4–7 µm. However, there is signiﬁcant irregularity to the surface, 
and especially on Figure 3.59 a sharp peak on the proﬁle is visible at around 
600 µm across the sample region. 
The surface proﬁle of a pellet after 15 minutes in contact with a descaler 
tip is quite diﬀerent to that of the control, as shown in Figure 3.61. A 
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Figure 3.59: Surface proﬁle of control hydroxyapatite pellet, bottom region. 
See Figure 3.63 for the location of the proﬁle on the pellet 
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Figure 3.60: Surface proﬁle of control hydroxyapatite pellet, central region. 
See Figure 3.63 for the location of the proﬁle on the pellet 
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Figure 3.61: Surface proﬁle of hydroxyapatite pellet after ‘A’ tip contact in 
water at 10/10 power for 15 minutes. See Figure 3.63 for the location of the 
proﬁle on the pellet 
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Figure 3.62: Surface proﬁle of hydroxyapatite after ‘A’ tip sonication in water 
at 10/10 power for 15 minutes at 1 mm distance. See Figure 3.63 for the 
location of the proﬁle on the pellet 
Control Non-contact Contact
5 mm
Figure 3.63: Schematic diagram of the location of surface proﬁles, indicated 
by red lines, on hydroxyapatite pellets. The control pellet has a proﬁle in 
the ‘central region’ and a proﬁle in the ‘bottom region’. The pellet that was 
subjected to non-contact measurements has a proﬁle through the centre of 
the pellet. The pellet that underwent contact measurements has a single 
proﬁle through the scratch in the centre of the pellet 
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Figure 3.64: Surface proﬁles of hydroxyapatite after ‘A’ tip contact in water 
at 10/10 power for 15 minutes and control proﬁle of uneroded pellet 
combined plot of both proﬁles is shown in Figure 3.64 to aid comparison. 
The surface of the pellet is comparatively smooth and ﬂat, deviating from 
a ﬂat surface by approximately 2 µm across most of the proﬁle. However, 
a deep crevice is visible between 450 and 650 µm across the sample region. 
This is the region that was directly in contact with the descaler tip during 
sonication, although it should be noted that the complete width of the proﬁle 
is approximately half of the width of the descaler tip at the point of contact. 
Compared to the control pellet, the surface appears to have been smoothed, 
ﬂattened or both. It is interesting that the depth of the eroded crevice— 
8 µm—is approximately the same distance as the concave curvature of the 
control pellet. 
Figure 3.62 shows a moderately eroded surface, compared to that of the 
contact erosion shown in Figure 3.61. The proﬁle shows a more regular 
surface than that of the control pellet, although with a similarly concave 
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curvature. The central region at around 1250 µm across the sample reaches 
a depth of almost 9 µm below that of the surrounding surface. The surface 
does not appear to have been ﬂattened, at least not to the extent of the 
surface that underwent contact erosion. 
SEM micrography 
SEM micrographs of the control pellet surface, and a hydroxyapatite pellet 
subjected to 15 minutes of sonication by the ‘A’ tip are shown in Figures 3.65, 
3.66 and 3.67. 
The hydroxyapatite surface shown in Figure 3.65 is rough, showing a 
highly irregular surface. Height diﬀerences of several microns are visible, 
matching well with the surface proﬁles of Figures 3.59 and 3.60. Similar 
irregularity is shown across the hydroxyapatite surface, and is still visible, 
though to a lesser degree, in Figure 3.67. A sharp band of erosion is visible, 
crossing the image from top-centre to bottom-left, as a largely-ﬂat region 
among rougher surroundings. However, the area surrounding the eroded 
region does not show as much variability as the uneroded surface from Fig­
ure 3.65, indicating that cavitation activity has partially eroded a large re­
gion of the surface, with signiﬁcant erosion only occurring in a narrow band, 
several tens of µm wide. 
Figure 3.66 shows the almost-ﬂat surface of a hydroxyapatite pellet eroded 
by a descaler tip operating while in contact with the surface. A comparison 
with the uneroded surface of Figure 3.65 shows the eﬀect that the physical 
debridement of a descaler has on a hard surface. The rough surface has been 
ﬂattened, such that the highly irregular surface of untreated hydroxyapatite 
is only visible in regions where the height of the surface made it impossible 
for the descaler tip to contact and erode it, such as at the top-left of the 
image. This suggests that the erosive abilities of cavitation occurring around 
ultrasonic descalers are reduced when a tip is in contact with a hard surface, 
and that physical contact dominates the erosion process. 
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Figure 3.65: SEM micrograph of untreated hydroxyapatite surface
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Figure 3.66: SEM micrograph of hydroxyapatite surface after ‘A’ tip contact 
in water for 15 minutes at 10/10 power 
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Figure 3.67: SEM micrograph of hydroxyapatite surface after ‘A’ tip sonica­
tion in water at 1 mm distance for 15 minutes at 10/10 power 
121

5 mm
Figure 3.68: ‘A’, ‘P’ and ‘PS’ tip erosion, from left to right, of black ink 
from a glass microscope slide. End of tip contacting microscope slide, side 
orientation, 5 minutes treatment duration, in water, 10/10 power 
It is also possible to see that a descaler tip operating at a 1 mm distance 
away from the surface has a broadly similar eﬀect, albeit over a smaller area 
and to a lesser degree than for a tip operating in contact with a surface. 
This provides results that extend a similar study by Walmsley at. al, where 
an in vitro model of dentine was used to investigate the eﬀect of cavitation 
occurring in cooling water running oﬀ an ultrasonic descaler. An area of 
erosion that matched with the ﬂow of the cooling water onto and over the 
dentine model was observed. Both studies indicate that the erosive eﬀects 
of cavitation activity occurring around descaler tips are suﬃcient to aﬀect a 
tooth surface, with no contact between the surfaces required to demonstrate 
an eﬀect. 
3.5.2 Densitometry 
Results of the erosion process are presented as cropped photographs in Fig­
ures 3.68, 3.69 and 3.70. There are no results presented for the experiments 
with the tip oriented with the side of the central region of the tip at a distance 
of 1 mm to the microscope slide, as no erosion was observed. 
The absence of erosion from the experiments with the end of the tip at 
a 1 mm distance from the microscope slide, that is the ‘P’ and ‘PS’ tips 
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5 mm
Figure 3.69: ‘A’, ‘P’ and ‘PS’ tip erosion, from left to right, of black ink 
from a glass microscope slide. Centre of tip contacting microscope slide, side 
orientation, 5 minutes treatment duration, in water, 10/10 power 
5 mm
Figure 3.70: ‘A’, ‘P’ and ‘PS’ tip erosion, from left to right, of black ink from a 
glass microscope slide. Centre of tip at 1 mm distance from microscope slide, 
face-on orientation, 5 minutes treatment duration, in water, 10/10 power 
123

Table 3.5: Estimated erosion areas for ‘A’, ‘P’ and ‘PS’ dental tips

Tip Orientation Eroded area/mm2 
A Centre side, 1 mm distance 4.49 
P 0 
PS 0 
A End side, contact 7.19 
P 1.25 
PS 0.328 
A Centre side, contact 4.33 
P 3.27 
PS 3.65 
in a face-on orientation and all tips when in a side-on orientation, is per­
haps not surprising, as both high-speed videography and luminol mapping 
showed little evidence of cavitation activity at the free end of the tip during 
operation. However, as Figure 3.67 showed, a hydroxyapatite sample un­
der the same conditions—except for a duration of 15 minutes as opposed to 
5 minutes—indicated visible erosion under sonication with the ‘A’ tip in a 
face-on orientation. As can be seen in Figure 3.70, only the ‘A’ tip showed 
evidence of erosion in experiments with the tip oriented with the centre of the 
face of the tip at a distance of 1 mm to the microscope slide. Interestingly, 
as shown in Figure 3.68, the ‘A’ tip also demonstrated erosion adjacent to 
the centre of the tip when the end of the tip was contacting the microscope 
slide with the side of the tip oriented towards the slide, though the ‘P’ and 
‘PS’ tips showed no such erosion. 
Figure 3.69 shows the relatively large eroded areas for experiments where 
the centre of the side of the tip was contacting the microscope slide, espe­
cially when compared with the minimal erosion shown in the ‘P’ and ‘PS’ 
end-contacting results of Figure 3.68. The areas were estimated from high 
magniﬁcation analysis with the ‘Fuzzy select’ tool of The GIMP[124], inte­
grating the complete eroded area, and the results are presented in Table 3.5. 
The ‘A’ tip was found to consistently erode a greater area than the ‘P’ 
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Maximum cavitation activity
Point of contact
5 mm
Figure 3.71: ‘A’ tip erosion of black ink from a glass microscope slide. End 
of tip contacting microscope slide, side orientation, ﬁve minute treatment 
duration. Side view shows the secondary erosion area, which corresponds to 
the maximum cavitation activity as observed from luminol mapping 
and ‘PS’ tips. Of particular importance is the result for the ‘A’ tip shown in 
Figure 3.68, where the erosion was found not only at the point of contact be­
tween the tip and the microscope slide, but also at a point that corresponded 
to the region of maximum cavitation activity as observed by luminol map­
ping. See Figure 3.71 for a side view to illustrate the observation. This 
behaviour was not observed for the ‘P’ and ‘PS’ tips under the same condi­
tions, but erosion was found to closely follow the curvature of the ‘PS’ tip, 
as shown in Figure 3.69, when the tip was oriented side-on to the microscope 
slide and in contact. The ‘A’ and ‘P’ tips showed this area to a lesser degree 
than the ‘PS’ tip, but the eﬀect is still noticeable. 
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Chapter 4 
Further discussion 
4.1	 Cavitation occurrence around ultrasonic 
descalers 
Although cavitation occurrence had already been identiﬁed around magne­
torestrictive descaling instruments[2], this work identiﬁed it for the ﬁrst time 
around piezoelectric instruments[129]. Several techniques were used to con­
ﬁrm the presence of cavitation, including terephthalic acid dosimetry as de­
scribed in Section 2.3.3, luminol mapping as described in Section 3.2 and 
‘Cavimeter’ analysis as described in Section 3.4. Visible light observation of 
cavitation bubble clouds was also possible with the use of high-speed videog­
raphy, as described in Section 3.1.4. 
4.1.1	 Characterisation of cavitation occurrence around 
descalers 
TA dosimetry was used to determine the amount of sonochemically-active 
material that was produced by each descaler tip over a period of ﬁve minutes. 
The ‘P’ tip was found to produce the most material, followed by the ‘PS’ and 
ﬁnally the ‘A’ tip. Contact with a hard glass surface was shown to reduce 
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the production of this material by approximately 60% for each of the three 
tips under observation. 
Luminol mapping of areas of cavitation activity around ultrasonic descaler 
tips had not been attempted before, and showed a diﬀerent trend to the TA 
dosimetry, with the ‘P’ tip still producing the most sonochemically-active 
material, but with the ‘A’ tip producing only slightly less material than the 
‘P’, and signiﬁcantly more material than the ‘PS’ tip. Loading the free end 
of the tip with 1 N and 2 N loads was shown to produce inconsistent results, 
in that the intensity of the luminescence sometimes increased and sometimes 
decreased with the addition of a load, and sometimes acted diﬀerently when 
the load was increased, depending on the tip design and generator power 
setting. 
In-air luminol mapping, described in Section 3.2.2, showed that cavita­
tion occurs in the cooling solution that is passed over a descaler tip during 
operation. While the lifetime of luminol luminescense made it diﬃcult to 
localise the point of production of cavitation activity, it is likely that the de­
structive eﬀect on micro-organisms would increase the cleaning eﬀectiveness 
of ultrasonic descalers. 
Luminol sonochemiluminescence is unable to diﬀerentiate between stable 
and transient cavitation, but comparison with ‘Cavimeter’ readings shows 
good agreement between luminescence levels of luminol mapping and tran­
sient cavitation levels from ‘Cavimeter’ analysis, as shown in Section 3.4. 
This indicated that cavitation occurrence around ultrasonic dental descalers 
was predominantly transient in nature, which was expected due to the com­
paratively low driving frequencies, together with the improbability of gen­
erating a standing wave with the irregular tip shapes commonly used for 
dentistry. The lack of regular cavitation bubble structures observed by high-
speed videography also supported the transient nature of cavitation around 
descalers, as only irregular and variable structures were visible, although 
their locations along the tips were remarkably consistent. 
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4.1.2	 Maximising cavitation activity around ultrasonic 
descalers 
With the knowledge that diﬀerent techniques for measuring cavitation activ­
ity produce diﬀerent results for the tips under observation, it is diﬃcult to 
make a conclusive statement as to the single best conﬁguration of tip design, 
generator power setting and load to generate the most cavitation. 
The ‘P’ tip apparently produces the most cavitation activity, as measured 
by all described methods, but only at power settings 9/10 and 10/10. The 
‘A’ tip produces a generally high level of cavitation activity as observed with 
the ‘Cavimeter’ and luminol techniques, across a range of power settings 
from 4/10 to 10/10. However, TA dosimetry suggested that the ‘PS’ tip 
produces more cavitation activity than the ‘A’ tip, although ‘Cavimeter’ 
and luminol mapping techniques suggest the opposite is true. The ‘PS’ tip 
appears to produce most cavitation activity at power settings of between 
7/10 and 10/10. 
4.2	 Evaluating the cleaning eﬃciency of a descaler 
tip 
Evaluation of cleaning eﬃciency is diﬃcult, given that there is no standard­
ised way of determining the eﬃciency. A previous study by Walmsley et 
al. observed erosion of a simulated dentine surface placed in the path of cool­
ing water that ﬂowed over an oﬀ of an operating ultrasonic descaler tip placed 
in contact with the surface, and attributed it to cavitation[3]. 
In this work, surface proﬁlometry and SEM of eroded hydroxyapatite pel­
lets was performed, which showed erosion of surfaces both in contact mode 
and at a distance of 1 mm away from the pellet, for regions of maximal cavi­
tation activity around a descaler tip. While the qualitative information from 
this study was useful, erosion was diﬃcult to quantify in this experiment, 
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so an alternative was devised whereby a microscope slide was coated with 
black ink, which could then be eroded. The eroded area was photographed 
and measured so as to determine the conditions under which the most ink 
was eroded from the coated slide. Contact with the microscope slide at the 
free end of the tip eroded the most material from the slide, for the ‘A’ tip, 
and smaller amounts for the ‘P tip, with a negligible eroded area for the ‘PS’ 
tip. Contact in the central region of the side of the tip eroded a consistently 
large area of material from the slide for all three tips. At a distance of 1 mm 
from the slide, only the ‘A’ tip oriented with the side of the central region of 
the tip facing the slide produced any evidence of erosion. No tip showed any 
evidence of erosion when oriented with the free end of the tip at a distance 
of 1 mm from the microscope slide. 
4.2.1	 Correlation of cavitation activity to cleaning ef­
ﬁciency 
While it has been demonstrated in Chapter 3.5 that regions of intense cavita­
tion activity around a descaler tip can erode material from a surface, they are 
minor eﬀects when compared to the physical debridement process. However, 
the production of sonochemically-active material in the cooling solution as it 
ﬂows over and oﬀ a descaler tip could be useful in situations where the tip is 
operated in conﬁned spaces where the solution is allowed to pool, where the 
minor eﬀects of cavitation activity can act to decontaminate bacteria and 
organic material removed from the tooth surface[93]. 
A further drawback for the use of cavitation activity as a cleaning mech­
anism is the extended duration required for the erosion process compared to 
the duration required for contact mode cleaning. While the cavitation tech­
nique may be less invasive than physical debridement, the extended duration 
of the procedure may make it unpalatable to patients and impractical for 
clinicians. 
129 
4.3 Future work 
While this work has advanced our understanding of ultrasonic dental descalers, 
it has also provided ideas of further areas of research. 
Although luminol mapping was eﬀectively used to map the regions of 
cavitation activity occurring around ultrasonic dental descalers, sonolumi­
nescence may be able to give further insights. The short lifetime of sono­
luminescence emission is attractive due to the ability to locate regions of 
cavitation activity without the smearing eﬀect commonly associated with 
the long exposure times required for luminol mapping. However, the re­
duced light intensity of sonoluminescence compared to luminol luminescence 
would require a more sensitive imaging device, such as an image-intensiﬁed 
CCD camera, in order to obtain usable mapping images. Unfortunately, such 
a device was not available for this work, but a future project with access to a 
sensitive imaging device may be able to more precisely map regions of cavita­
tion activity, and explore how these regions change when the tip is operated 
under diﬀerent conditions. While there has been preliminary work on this 
topic[96], a comprehensive study would be a valuable extension to current 
understanding. 
Further investigation of the cavitation production of a descaler tip when 
operating in air is desirable, as the presence of bacteria and organic matter 
in the irrigant solution is of great concern to clinicians. It is possible that 
cavitation activity in the cooling solution could act as a sterilising agent, but 
only further experimentation would be able to determine whether this was 
the case. 
Future work is also required to investigate a greater range of loading 
forces on a descaler tip. While 1 N and 2 N were used in this work, it is 
possible that greater or lesser loads would prove more eﬀective in increasing 
cavitation activity around a descaler tip. Additionally, diﬀerent tip designs 
than are currently used for traditional physical debridement processes may 
prove more eﬀective, such as the horn transducer type, commonly used for 
laboratory sonochemistry experiments. 
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There was a great range of variability observed, both with diﬀerent tips of 
the same design and with successive experiments with the same tip. It is un­
clear whether this variability is caused by inconsistent output of the descaler 
generator, poor reproducibility between descaler tips, poor attachment of 
the descaler tip to the transducer or some other reason that has not been 
anticipated. A future study could systematically investigate the variabilities, 
or alternatively design and construct a simpliﬁed generator, transducer and 
tip to avoid them completely. 
As well as descaler tips for the removal of calculus from teeth, there exist 
endosonic ﬁles, which are designed for the debridement of root canals. An 
ultrasonically-oscillating endosonic ﬁle could produce signiﬁcant cavitation 
activity in the organic material found in a root canal, dislodging unwanted 
material and easing the work of the clinician. A comprehensive study of 
ultrasonic endodontic ﬁles, given the knowledge of mapping techniques that 
has been gained in this work, could provide valuable information as to the 
current state and potential improvements to root canal surgery. 
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Appendix A 
Additional results 
A.1 Dental descaler temperature calibration 
Table A.1: Calibrated power output and spatial average intensity data for 
‘A’ tip 
Power setting Power/W Intensity/W cm−2 Intensity/W cm−2 
(excluding sides) 
1/10 1.1 3.5 4.2 
2/10 0.82 2.6 3.2 
3/10 1.7 5.5 6.5 
4/10 3.1 10 12 
5/10 3.7 12 14 
6/10 4.0 13 15 
7/10 4.5 15 17 
8/10 4.2 14 16 
9/10 4.9 16 19 
10/10 4.9 16 19 
146

Table A.2: Calibrated power output and spatial average intensity data for 
‘P’ tip 
Power setting Power/W Intensity/W cm−2 Intensity/W cm−2 
(excluding sides) 
1/10 0.44 0.98 1.2 
2/10 0.19 0.42 0.50 
3/10 0.063 0.14 0.17 
4/10 0.50 1.1 1.3 
5/10 0.57 1.3 1.5 
6/10 2.2 4.9 5.8 
7/10 3.6 8.0 9.5 
8/10 4.1 9.1 11 
9/10 6.4 14 17 
10/10 6.8 15 18 
Table A.3: Calibrated power output and spatial average intensity data for 
‘PS’ tip 
Power setting Power/W Intensity/W cm−2 Intensity/W cm−2 
(excluding sides) 
1/10 0.25 0.81 1.1 
2/10 0.063 0.20 0.27 
3/10 0.38 1.2 1.2 
4/10 0.57 1.8 2.5 
5/10 0.82 2.6 3.6 
6/10 1.1 3.5 4.8 
7/10 0.69 2.2 3.0 
8/10 2.3 7.4 10 
9/10 2.9 9.4 13 
10/10 4.4 14 19 
147

A.2 NMR spectroscopy of HTA

Figure A.1: H1 NMR, hydroxyterephthalic acid 
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Figure A.2: C13 NMR, hydroxyterephthalic acid 
149

A.3 Fluorescence spectroscopy 
A.3.1 Preliminary results 
Table A.4: Fluorescence calibration data for synthesised HTA 
Concentration/106 mol dm−3 Fluorescence/arbitrary units 
0.000 0 
0.100 7

0.250 17

0.500 35

0.750 52

1.00 68

1.50 107

2.00 141

2.50 170

3.00 213

3.50 244

4.00 280

4.50 314

5.00 350

6.00 416

7.00 493

8.00 551

9.00 618

10.0 689
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Table A.5: Fluorescence of TA/HTA solution for direct immersion apparatus 
Time/min Fluorescence 1 Fluorescence 2 Fluorescence 3 
0 3 1 0 
10 54 59 59 
20 94 95 95 
30 122 126 127 
40 177 180 181 
50 213 213 215 
60 262 264 265 
70 322 324 325 
80 373 374 379 
90 414 415 416 
100 459 460 466 
110 499 500 500 
120 564 567 567 
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A.3.2 Descaler results 
Table A.6: Fluorescence measurements of TA solution with ‘A’ tip 
Time/min In Solution Contacting glass

0 0 0

1 23 10

2 46 16

3 64 21

4 80 32

5 98 38

Table A.7: Fluorescence measurements of TA solution with ‘P’ tip

Time/min In Solution Contacting glass

0 0 0

1 26 20

2 56 29

3 82 39

4 107 48

5 135 61

Table A.8: Fluorescence measurements of TA solution with ‘PS’ tip

Time/min In Solution Contacting glass

0 0 0

1 25 14

2 49 22

3 78 30

4 103 43

5 126 54
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A.4 Luminol mapping 
A.4.1 Unloaded measurements 
Table A.9: Total light intensity, averaged over whole frame, ‘A’ tip 
Power Intensity (side) Intensity (front) Intensity(back) 
1/10 1.29 1.50 1.31 
2/10 1.08 1.14 0.83 
3/10 1.38 1.66 1.49 
4/10 2.75 3.19 2.54 
5/10 3.37 3.76 3.01 
6/10 3.79 4.25 3.50 
7/10 4.31 4.78 3.84 
8/10 4.35 4.97 3.96 
9/10 4.43 4.93 3.77 
10/10 4.50 4.94 3.87 
Table A.10: Total light intensity, averaged over whole frame, ‘P’ tip

Power Intensity (side) Intensity (front) Intensity(back) 
1/10 0.39 0.48 0.46 
2/10 0.39 0.47 0.48 
3/10 0.42 0.47 0.49 
4/10 0.53 1.66 1.22 
5/10 0.80 1.32 1.22 
6/10 1.07 1.51 1.57 
7/10 1.63 1.82 2.14 
8/10 2.28 2.10 2.68 
9/10 3.39 3.12 3.50 
10/10 5.01 4.80 4.67 
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Table A.11: Total light intensity, averaged over whole frame, ‘PS’ tip 
Power Intensity (side) Intensity (front) Intensity (back) 
1/10 0.39 0.50 0.51 
2/10 0.36 0.50 0.51 
3/10 0.38 0.52 0.47 
4/10 0.43 0.48 0.46 
5/10 0.45 0.43 0.52 
6/10 0.41 0.43 0.46 
7/10 0.57 0.47 1.37 
8/10 0.87 0.77 0.98 
9/10 1.66 1.31 1.24 
10/10 2.31 1.71 1.74 
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A.4.2 Loaded measurements 
Table A.12: Total light intensity, averaged over whole frame, ‘A’ tip 
Power Intensity Intensity Intensity 
(unloaded) (100 g load) (200g load) 
1/10 54.49 55.60 41.28 
3/10 61.24 68.33 46.77 
5/10 114.3 114.5 87.89 
7/10 144.6 155.9 110.5 
10/10 174.6 147.9 115.4 
Table A.13: Total light intensity, averaged over whole frame, ‘P’ tip

Power Intensity Intensity Intensity 
(unloaded) (100 g load) (200g load) 
1/10 44.99 39.29 38.57 
3/10 54.90 51.59 37.34 
5/10 60.97 57.87 68.69 
7/10 82.22 70.66 104.3 
10/10 133.1 133.4 150.5 
Table A.14: Total light intensity, averaged over partial frame, ‘PS’ tip 
Power Intensity Intensity Intensity 
(unloaded) (100 g load) (200g load) 
1/10 40.97 54.75 41.50 
3/10 51.79 60.82 47.18 
5/10 50.54 53.62 84.76 
7/10 74.90 73.28 66.15 
10/10 111.0 114.8 86.87 
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A.5 Surface erosion 
A.5.1 GNU sed 
GNU sed is a stream editor that parses text ﬁles and applies transformation 
to them on a line-by-line basis. The following transformations were applied 
to the Dektak 6M output ﬁles, to transform them into a plaintext format 
with one data point on each line: 
sed -e ’s/\t/\n/g’ -e ’s/#.*//’ -e ’s/[ ^I]*$//’ -e ’/^$/ d’ \ 
-e ’s/ //g’ -e ’s/.$//’ 
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